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, . PRODUCTION OF HUMAN HEMOGLOBIN IN TRANSGENIC PIGS 

5 ;. * 1. i -.INTRODUGTION 

The fpre-senti invention relates to the use of 
transgenic.; pigs* ffor^ the. production of human 
hemoglobin:. .Thie traTis^ehic -pigs of the invention may 
be used: 'as an efficdjent and economical source of cell- 
xo free humane hemogiabin -that may be used for 

transfusions •and- oth.er medical applications in humans. 

. . :i ^ 2..i BACKGROUND OF THE INVENTION . 

M -V ^. wrr.:2.il.:: HEMOGLOBIN . . - 

'y^y.:i} 'y* ' ^.\.Dxyq&n absorbed through .the lungs is carried 
by hemoglobi^n vinured iDlood cells for delivery to - 
tissues throughout; 'the body. At -high oxygen tensions, 
such . as those-: found in ^the proximity of the lungs, 
oxygen; 'binds; ito:. -hemoglobin/ but is released in areas 

2Q of ' low oxygen: it ens ion, where it is needed. 

EachMhemogiob in molecule consists of two 
alphal^iobin ;and:i:vro beta globin subunits. Each 
subunit, sin tum.> -is noncovalently associated with an 
ironrrcontainihgyiheme group capable of carrying an 

2^ oxygen .molecule, .\^^Thus, each hemoglobin tetramer is 
capable of; ?binding four molecules of oxygen.- The 
subunits:. work together in =switching between two - 
conformational states to facilitate uptake .and release 
of oxygen art the .lungs arid tissues, respectively. 

30 This *eff ect is .commonly referred to as heme-heme 
interaction or cooperativity. 

...The hemoglobins of many animals are able to 
interact with biologic effector molecules that can 
further enhance oxygen binding and release. This 

35, enhancement .is manifested in changes which affect the 
allosteric equilibrium between the two conformational 
states* of hemoglobin* . For example, human and pig 
hemoglobin can bind 2, .3 diphosphoglycerate (2,3 DPG) , 
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which influences the equilibrium between the two 
cpjpformational stages of the tetramer and has the net,, 
effect 9^ .JLowering the overall affinity for. oxygen at 
5^ the, tissue .level • ;.As a result, 2,3-DPG increases the 
ef f ipi^nqjf, of oxygen . delivery to the. tissues, . 

t-^^., t^,, . 2.2. GLOBIN GENE EXPRESSION 

. . , Hemoglobin protein is expressecl in a tissue 

ip_ spe9ific manper in red blood cells where , it accounts^ . 
for p^ggroximately ninety percent of total cellular^^ ^ 
pr:pte,i,n. Thus, , red blood cells, which have lost their 
nyp3.eus and all but a minimal number of organelles, 
ar^., effectively membrane-enclosed packets of. 
he|[Qp3Jp)5iri, dedicated to oxygen transfer. ............ 

; )v;r h Humans and various other species produc<^.^^ 
d-j,^f^fent types pf hemoglobin during emlarypnic, .,fetal, 
antJ,.^dult, developmental, periods. .Therefore, , the? , , . 
f^pjipyg thajt influence globin gene express ion. ;jnust be 

20^ able to achieve tissue specific control, quantitative 
CQiitirol,. and developmentally regulated vCpi;itr pi of , . 
globin expressipn. 

w .j.s- , Human globin genes are found in, clusters, pn 
ch^'pmpsome ;. 16 for alpha (or) globin and chromosome 11 

25. fqr .beta globin. The human, beta globin g^ng,: ... 

cluster consists of about 50 kb of DNA th^t includes 
ohf embryonic, gene encoding epsilon (.e ) . globin,, . .two 
fetal genes encoding gamma (7) G and gamma A g.lpbin,. 
a^^J. two adult genes encoding delta (5) and bj^J:.a .(/3) 

30. glpbin,. in that order (Fritsch et al., 1980, ..Cell^^ . .. 
li:959-972>. c . 

It has been found, that DNA: sequences both , 
upstream and downstream of the /3 globin translation; 
initiation site are involved in the regulation of jS. 

35 glpbin gene expression (Wright et al., 1984, Cell 
3^:263) . In particular, a series of four Dnase I 
super hypersensitive sites (now referred to as the 
locus control region, .or LCR) located about 50 . 
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kilobafee^ olp^trea^ih • of the human beta cflobih gene are 
extremely iitiportant in eliciting properly regulated - 
beta 'globiTHloeu^ fexpression (Tuan et al., 1.985, Proc. 
5 Natl-. Acaa;. ■ Scri r UiS. A::.;83 : 1359-'13 63 ; PCX Patent 

Application 'WO a901517 by Grosveld; Behringer et al., 
1989, Science v 245 >;971-973 ; Enver et al. , 1989, Proc. 
Natl. Acad, Sci. U.S.A. 86:7033-7037; Hanscombe et 
alv/ -1989,; Genes Dev; 3:1572-1581; Van Assendelf t et 
XO: al. , 19a9:>. Cell 56:967-977; Grosveld et al,^ 1987, 
Cell 51:975-985) . 

' » ' • i '.^ 2^.0 . THE NEED FOR A BLOOD SUBSTITUTE 

^ ; ~^• Recently; - t molecular aspects of globin . 

%5 gene 'exprassi on -have met with even greater interest as 
ireseiardhers .tuaye 'attempted to use -genetic engineering 
to ■prbidulce' <a ^synthetic blood -that would avoids the - . 
pitf alils Lof donor -g^enerated blood. In 1988, ..between 
12^. ihilliori and '14 million units of blood were used^ in 

20 the United ^States alone (Andrews, February 18, 1990, 
New-York '.Tiine.s>-, an enormous -volume precariously 
dependent on .volunteer blood donations. About 5 - * - 
percenti 'of 'donated blood is infected by hepatitis 
virus (Id^ )" and, ^although screening procedures f or HIV^ 

25. infect ion-are ^ generally effective, the prospect of 
canttacting -transfusion related A.I.D.S. remains a ; 
much feared .possibility. Furthermore, transfused 
blood must be compatible with the blood type of the 
transfusion recipient ; the donated blood supply may be 
unable to pjfovide transfusions to individuals with 
rare blood types. 'In contrast , hemoglobin produced by 
genetic engineering would not require blood type = 
matching, would : be virus-free, and would^ be available 
in potentially unlimited amounts. Several research 

35 groups have explored the possibility of expressing 
hemoglobin ' in microorganisms. For example, see 
International Application No. PCT/US88/01534 by 
Hoffman and Nagai , which presents, in working 
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examples, production of human globiri'^protein'-^ in' E, 
coli > - > .-y^::- '.:y 'r;-C::^Kn 

5.. . - r;^ 1- - 2.4. TRANSGENIC ANIMALS • r.-n.-: 

- - A transgenic animal is a non-human -anitnal 

containing at least one" foreign gene, ca lied --a- 
transgene> in its genetic material.' Preferably,' thfe 
transgene is contained in the animal • s-^erm 'line such 

20:; that it can be transmitted to the animal's offspring. 
A -number of techniques may be- used to introduce ■ the ' " 
transgene into an animal's geftetic material > J'" ■ 
including, .but not limited to, microinjection of the 
transgene into pronuclei of fertilized eggs' and ' 

3^3 manipulation of embryonic stem cells (U. S. ' Pait^nt -'Nov 
4;.873,i91 by Wagner and Hoppe; Palmit^r and Brinster, 
1986, Anni. -Rev;- ^Genet. 20:465-499; French Patent ^- 
Application 2593827 published August 7 > 1987) * • 
Transgenic animals may carry^ the transgene ih'-all'*^'^' 

20 their cells or may be genetically mosaics- ' 
- Although the majority of studies hafVe 
involved transgenic mice, other species of transgenic 
animal have also been produced, such as "rabbits p"^ ^^^--^ 
sheepv pigs (Hammer et al., 1985 . Nature ' 3 15 : 6^0-663 V'^ 

25f .. and chickens (Salter et al* , 1987, Virology '•157:23 6- • - " 
240) . \ Transgenic animals are currently being 
developed to serve as bioreactors for the ' production 
of useful pharmaceutical compounds (Van Brunt/ 1988, 
Bio/Technology 6:1149-1154; Wilmut et al., 19S87 N^v ' ' 

20 r Scientist (July 7 issue) pp. 56-59). ^* iy; ^ 
Methods of expressing recombinant protein 
via transgenic livestock have an important theoretical' 
advantage over protein production in recombinant 
bacteria and yeast; namely, the ability to produce ■ 

35 . large, complex proteins in which post-translational = 
modifications, including glycosylation, 
phosphorylation, subunit assembly, etc, are critical 
for the activity of the molecule. 
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in practice, howeverV the creation of' 
transgenic livestocK has proved" problematic. Not only 
is it technically difficult to produce transgenic: 
5 embryos/ but mature transgenic animals that produce 
significant quantities of recombinant prbt is iri 'may 
prove inviabie. In pigs in particular/ the' 'e>iperieh^ 
has been that pigs carrying a growth' hoi^dhV ehcbding 
transgene (the only transgene intVbdiiced into' pigs 

'10 prior to the present invention) suffered from a number 
of health problems, Including severe arthritis', lack 
of* coordination in their rear legs, susceptibility to 
stress, andestrus in gilts and lack of ' libido in boars 
(Wilmut et al., supra) . This is in dontra'st 'to *' 

15 transgenic mice carrying k grovfth hbrmohe"' traHsgerie, 
which appeared to be healthy ' (I^aimiter et' al.'V' ^1982 , 
Nature 300: 611-615)'/ Thus/' {jfior H!:o' tli^'^j^ 
invention, healthy transgenic pigs (Which 'ef^:^!tbiently 
express their transgene (s) ) had hot' been pirodu^^^ 

20 

2.5. EXPRESSION OF dfiOBIN GENES IN TRANSGENIC ANIMALS 

Transgenic mic^ carry liigf -human gibbih 
transgenes have been used in stlSdyirig thd mbi^cular 
biology of globin g^ne expression. " " 

25 mouse/human adult beta glbbiri gene Was' detsciribed by 
Magram et al. in 1985 (Nature ^1^- 3i3;8-346)V Kollias 
et al. then reported regulsited expression of ^^H^ 
gamma-A, beta, and hybrid beta/gamria globin genes in 
transgenic mice (1986, Cell 16:89-94)'l Tir^nsgehib 

30 mice expressing human fetat gamma glbiiin 'wVre 'stu^ 
by Enver et al. (1989, Proc, NatlV'^ AcWd. Sci.- U/'S'.A. 
86 = 7033-7037) and Co'hst^ntbulakis et aT. "(19^1/ Blood 
22« 1326-1333) . Autonomous developmental control of 
human embryonic globin gene switching in transgenic 

35 mice was observed by Raich et alJ (1990, Sciehde 
250:1147-1149) . 

Transgenic mouse models for a variety of 
disorders of hemoglobin or hemoglobin expression have 
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been developed; including sickle-cell disease . (Rubin 
et alv; 1988, Am. J." Human Genet . 42 : 585-591; Greaves 
et al., 1990/ Nature 343 : 183-^195 ; . Ryan et al*, 1990, 
5 Science 247: 566-^568; -Rubin et dl., 1991, J. Clin, 
Invest, 87 : 639-647 ) r thalassemia m( Anderson et al. , 
1985, Ann, New York "Acad.^ ^Sciv^ (USA) 445:445-451; 
Sorenson et al,^. .1990. Blood .75tl333-Ti336) ; and., 
hereditary persistence.: of fetal hemoglobin (Tanaka et 

10 al,, 1990, Ann, New York .-Acad;', gci. (USA) 6^2: 167- 
178) ■ . : ' - -» ■ ' 

Concurrent* expression of human alpha and 
beta globin has* = led to- the production of human 
hemoglobin in transgenic mice (Behringer et al., 1989, 

15 Science 245 ^971^.973 ; Townes iet al; 1989, Prog, Clin. 
Biol, Res, 316 A:47^61r Hanscombe-et al ., 1989 , Genes 
Dev. 3:15725-1581) . It was observed by Hanscombe et 
al. ( supra ) that transgenic fetuses with high copy 
numbers of a transg^ne- encoding alpha but not beta 

20 globin -exhibited severe:. anemia and died prior to 

birth. Using " a -construct with; both human alpha and 
beta globin genes under, the control of the beta globin 
LCR, live mice'with ■ low copy numbers were obtained 
(Id,). Metabolic labeling; experiments showed balanced 

25 mouse globin synthesis, but imbalanced human globin 
synthesis, withran alpha/beta biosynthetic ratio of 
about 0.6 (IdO^ • - ' 

3 SUMMARY. ■ OF . THE LNVENTION 
30 The present invention relates to the use of 

transgenic pigs for', the production of human hemoglobin 
and/or human globin,: It ,is based, at least in part, 
on the discovery that transgenic pigs may be generated 
that express .human hemoglobin in their erythrocytes 
35 and are healthy, suffering no- deleterious effects as a 
result of heterologous hemoglobin production. 

In particular embodiments, the present 
invention provides for transgenic pigs that express 
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human globih genes. -Such animals may. .be used as.aj. 
particularly efficient and .economical source, of r human - 
hemoglobin^ in light of (i) the relatively short ..v 
5 periods '.of gestation and sexual maturation- in-pigs; 
<(ii) the size and frequency of litters, .(iii) the 
relatively large size of the pig which provides.' 
proportionately, large yields of hemoglobin; .and; .(iv) 
functional:. similarities between pig and human 

xo hemoglobins in the regulation of oxygen binding : * : • 
affinity which enables the transgenic pigs toi remaih^ 
healthy in the presence of high levels of human 
heKjoglobin. . . m- *. = . ic- » , 

- The present invention also-provides. for 

xs recombinant nucleic acid constructs 'that: may ; be used 
to generate transgenic pigs. =^ In preferred-: ;i i -..(• :.: 
embodiments., such constructs place the humane- alpha > and 
beta globin genes under thd same promoter so as to 
avoid deleterious effects of -globin chain . imbalance 

20 and/or titration of transcription factors due <tot ^ 
constitutive. jS-^-globin promoter • activity dn>an 
inappropriate. ceil type (e^g. -a. primitive^; .. i , ; : 
erythrocyte)^ , ■ in other preferred embodiments of the 
invention, the constructs comprise ,the pig oadult - beta 

25 globin gene.. regulatory region, comprising the promoter 
6r the 3 • region of the pig beta globin jgene. 

In an additional ^ embodiment, 'the present 
invention provides for a hybrid hemoglobin that; , 
comprises human a globin and pig /8 .globin • i .The >Vhole 

30 blood from transgenic, pigs expressing thisr. hybrid. ? 
hemoglobin appears to exhibit a P^y that is;, ; 
advantageously higher than that of - native . human or pig 
blood. - 

The present invention also provides for a 
35 method of producing human hemoglobin comprising (i) 
introducing a human alpha globin and a human beta- ' 
globin gene, under the control of a suitable promoter 
or promoters, into the genetic material' of a pig' so as 
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to create a transgenic pig. that ..^xpress;^s human. . ^ 
hemoglobin in at least some of its^red blood cells; 
(ii) collecting red blood cells from the transgenic 

.-5 pi?; (iii) releasing the contents ^pf the, collected red 
blood cells; and (iv). subjecting . the ; released .contents 
of the red. blood cells to a puri?Eicat;ion: prpcedure 
that substantially, separates human -he^noglobin^ ,frpm pig 
hemoglobin. In a preferred embodiment of the 

3^0 invention/ human hemoglobin may.be separated fropi pig 
hemoglobin by DEAE anion exchange column : ^ 
chromatography : ^ • i- :.i 

-4 : . DESCRIPTION OF THE FIGURES . . - 

3^5 Figure 1 . Recombinant:, nucleic . acid, . constructs . - , . .. 
. A. Construct: <xocp. (the "116.-cpnstry^t) f . B- 
Construct api3 (the "185'V qpnstrup^,):;,;^ Construct 
^pa <the."290" construct); D. Construct epfjSa; E. 
Construct .fp.eQ;pj8';-.E. Construct! ap/3, ^carrying a 

20 /3lG8: Asn -> . Asp;,mutation (the ,Vhemo^globin ^ 

Yoshizuka construct^*); Cj Construpt ap)3 carrying 
a /Sl08 Asn,.'^> Lys, mutation; ,( the "iiempglpbin 
Presbyterian, construct"),; Construct apjS (Aa) 
coinjected with .LCR a (the. "2 B5VV construct) ; I, 
,-.25 Construct apjS carrying an xxltlJAiThr ^> Cys., 

-mutation (the "227V. construpt);;, J;. Construct ap)S 
carrying .an..al04 Cys->,,,Ser .mutation (the ."227" 
construct), a ^93 Cys -> Ala ^utation, and a /3ll2 
Cys -> Val. mutation (the V22 8 5% construct).; K. 

30 Construct ap6 (the "263" construct) ; and L. 

Construct ap^(Aa) coinj^ected wi:th fiCR a (the 
"274" construct); Construct LCR a coinjected. 
with LCR €j8 (the "240" construct),; N. Construct 
apjS carrying a jg.61 Lys -> ;Met.. mutation (the 

35 "Hemoglobin Bologna" construct) ," O. Construct LCR 

eajS (the "318" construct);. P. Construct LCR aejS 
(the "319" construct) ; Q. Construct LCR aacjS (the 
"329" construct); R. Construct LCR a€(P«)3p)j8 (the 
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.. ,,"339" cpnstr;vict).; S,. - Cpnstruct ^.0^pJ8 - carrying an- 
;a75 Asp Cys .mutation/ (the "340" construct) ; T. 
Construct apjS : carry irig an tjj:4i2 Tyr Arg mutation 
5 . (the "341" construct) U.. Construct LCR e^aa (the 
.:^'343" construct); V. Construct LCR e^a (the "347" 
construct) ;: iWi, Construct ^^pjS carrying an q42 Tyr 
. Lys mutation; X.. vConstruct,,,ap)3 carrying an a42 
. Tyr -> Arg mutationi^ and . aijSS!i9 ; Asp -> Glu.: 
XO mutation; y. Construct. -.Qp)8 Qarryin^g an a42. Tyr -> 

. Lys mutation; and.ca -tiSSQ Asp::T> .Glu mutation. 
Figure. 2, -Transgenic, pig i . / i : ■ - 

Figure .3.. . Demonstration rof h.uinan hemoglobin.. 
^ : : -expression. ;in transgenic i.p^ A,. Isoelectric 
15 focusing :,:anal;ysi5 i-, rBv- LTriton-r-acid urea gel 

of .-hemoly sates. of>j:r^d .blppd v?c;ells -representing 
r . human blood (lane rl):;. i.h\oojc3ii:f:r^ pig 
,.^.,12-1 (1-ai^e 2) ,> ;?rt3 ::(l^ne 3>>^ and 6-3 (lane 4) ; 
. . and pig bipod (i^nec&Oj shpws ru of 
20 • tiuraan ^ globin relative/cto .human icr globin in the 
^transgenic , animal€>.'.;^^ 
Figure 4. .^eparaitipn of . human, hemoglobin and pig 

hemoglobin i by. DEAE rChx^omafcography ., A. Hemolyzed 
mixture of huro^n le^n^i p.ig red: blQQd cells; B- 
25 Hemolysate-o.^. ,red. -bilpod -qells/.c^^ from 

transgenic pig :6^5.j oiC- Human and mouse - 
:hemoglobin i.dp ^<yt separate: by-DEAE chromatography 
under these conditions^. Isoelectric focusing 
of human he^npglobin^purif led from pig hemoglobin. 
30 Figure 5. Isoelectric fpcussing gel of . reassociated 
pig hemoglobir>: (Xane .1) ; reassociated pig/human 
hemoglobin mixture (lanes ,2 and 4) ; reassociated 
human hemoglobin :( lane 3| ;. and transgenic pig 
hemoglobin (lane 5).-. 
35 Figure 6, Separation ^pf jhuman hemoglobin by QCPI 
chromatography, ; - 
Figure 1. Oxygen affinity of transgenic hemoglobin. 
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Flgi^ire 18,. DN^ ,s,qque;nce of the pig adult beta globin 
gene .regulatory region,- including the promoter region. 
Sequence extending tp 869 base pairs upstream of the 
5 ATG initiatqr codpn (boxed) of the pig beta globin 
gene : is shown,.;.. Thq position of. the initiation of 
mRNA^, the ;Cap site, is indicated by an arrow. , The 
sequences. corr,esppnding to GATA transcription factor 
binding::^ites. ;are underlined. 
xo Figure 9:... Comparison of pig (top) and human (bottom) 
beta globin.. regulatory sequences . Differences in the 
two. sequences ,^.re,. marked by asterisks. 
Figure 10. ..gr^ph ;deplcting the percent homology 

between , pig and human adult beta globin gene , 
15 r :i^^9^3;2i"tpl^X •^e;quences, with base pair distance 

; . ^ 'f j;om .tj>j^ injiJriator c.qdon mapped on the abscissa. 
. . A^c;pmparisqn^^ and, human sequences is also 

, -j.shov^n (jotted . line with error bar) . 
Figur.e ;iX,- . tfap pf .plasmid pgem5/Pig)3Pr (k) which..;,, 
2 0. ^.PH't.^i^s the DNA. sequence depicted in Figure .8. . 

Figure 12-' .Representation of the 339 and 354 

cassettes .^or the production of human hemoglobin , 
; in trarjsg^nic. pigs. 
Figiare . l3.- ,Map of plasmid pSaf /Pige (k) , containing .. 

Figure^ ; 1.4 . ,,,Rej)resen^^ the 426 and 427 

expression cassettes for the production of e^"^.. 
^huum ^j^^^hunuD hemoglobins in transgenic pigs. 
Figure 15. IsiOTelectric focussing gel of hemoglobin 
30 produced by, ^ti^^risgenic pig 70-3, which carries , 

the ,339 construct/ and by transgenic pig 6-3, 
.which . carries., the 116 construct. Human 
hemoglobin is run as a standard. 
Figure 16. Map of plasmid pig3'i3 containing the 
35 3 '; .end of the pig beta globin gene. 

Figure 17. >Transgenic pigs obtained from construct 
"339" (See .Figure IR) . Levels of human 
hemoglobin expression and copy number are shown. . 



Figure- 18 , Isolelectricr ^ocusisiag gel of hemoglobin 
levels, in transgenic pigs obtained: lusing 
. . construct "339". - = ; , v , 

Figure 19. Isoelectric fccussing; gel demonstrating.: 
v • levels of hemoglobin expression in representative 
* transg.ene. positive 38=^4 offspring carrying the 
.; "185" construct .(.or apj3 construct"; :see Figure 

Figure 20. Molecular modeling of hy>3rid:fhuman a/pig /8 
and human a/human jS -hemoglobin onolecules.- ; ^3 
subunits are in blue>; subunitsrin red. Above 
. the middle helix of the /3 human- (;blue) one- can • 
see a gap : in the green contour fCsee arrow):, r In 
• the hybrid this gap .:is-.:f iled.iin. .-.I\his difference 
is due to a. , change at jSL12 Dys_-r->Yal . where = = 
Valine contributes. to greater hydrophobic 
interactions.-... • ■ ,-M.f.- ^-n: r-^v.c ;u:iv.\i. 

Figure 21... , Molecular^ modeling demonstrating, the.-, 
differences- at : the .a,i8i: interf ace: between a /3 
globin containing Cys at positiioni .112 (the. yellow 
molecule) and a i9 globinvwifth. Val at. position 112- 
(the white molecule.) eys^ is;; yellow, J yal is 
white and the opposing - interface . is ried. , ^ 
is flexible. - One: arm o,f /its . branch can. easily 
move for a nearly perfect fit against the a 
subunit- residues. : Ther yellow.. Cys is; slightly- 
further allowing for a small:.gap: {see- larrow) . 
Biosyn's standard default Van- der. Waal:* s distance 
was used. . --r. ^ \ 

Figure 22. Purification df Hb Presbyterian from - . 
transgenic pig hemosylate^- \- w _ : 

Figure 23. Characterization of purified Hb 

Presbyterian by-HPLC showing separation of the 
heme moiety, pig a globin ("p alpha"), human beta 
globin ("h beta") , human alpha iglobin. ("h alpha") 
and pig beta globin ("p beta"); 

Figure 24. Oxygen binding curve for Hb Presbyterian. 
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Figure 25. '^'Purif idation of • Hb' Yoshizuka. f rom 

- - transgenic ^pig ^hieinolysate. • » - • 

5 • 5. DETAItiED DESCRIPTION OF- THE INVENTION 

The ^present- invention, provides for a method 
of producing human 'hemoglobin that- utilizes transgenic 
pigis > : -novel ^globin>^en(*:ofling -nucleic acid constructs , • 
and transgfehiC^pi^s'th^t- express human hemoglobin. 
For' purposes of -clarity- of ^ description/ and not by way 
of limitation, thfe: detailed description of the 
invention is divided into;': the following subsections: 
• - (i) preparation: of globin gene constructs; 
(ii);- preparation = of transgenic pigs; 
3^5 ' • iJcif iii) :. ;preparation^ibf human, hemoglobin and 

.r ^eits^ separation from* pig hemoglobin; 
y ■•.:> :;6. and 

<iv) ^ ' preparation of human/pig hybrid > 
u>M ■ ■ » c:0'hembgaobin.-- 

- • i- 5.1. ^^ PREPARAl^ION--:eF^ GLOBIN GENE CONSTRUCTS 

' - - - - "^The present- invention provides for a method 
of producing human* globin and/or hemoglobin in 
transgenic" pigs'. Human- hemogdobin is defined herein 
to refer "to 'hemoglobin 'formed by- globin chains encoded 
by human- globin genes' (including alpha/ beta/ delta, 
galTuna,' eps'iQ.on*-and- zeta genes?) or- variants thereof 
which are naturally 'occurring or the products of 
genetic engineerings --- Such variants are at least about 

30 ninety percent homdloi^oiisv in amino acid sequence to a 
naturally occurritig human hemoglobiji- In preferred 
embodiments, the^ human hemoglobin of the invention 
comprises a human alpha globin' and a human beta globin 
chain. The human hemoglobin of the invention 

35 comprises ^t least two different globin chains, but 
may comprise more than two chains, to form, for 
example, a tetrameric molecule, octameric molecule, 
etc. In preferred iembodiments of the invention, human 
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hemoglobin ^corvsists of two human alpha globin chains 
and:tw6 human ^betia-iglobin chains. As discussed v infra, 
the . presents, invention also provides for hybrid " 
5 hemoglobins comprising ' human a globin and pig /3. 
glbbinv^-.-.i'.i '.0'"-'^::". - • - ■ 

' ^ -^According to particular embodiments of the 
present invention/ at least one human globin gene, 
such as i-anhuTnanMaipha ^and/or : a human beta globih gene, 

j^O uhd^r tlieAcdnt'rol^iOf -a suitable promoter or promoters, 
is. inserted! into (the genetic material of a pig- so as 
tor.^createi^a ■•-transgenic pig that carries human globin 
in';at' least/ someyof its red blood cells. This i 
requires the'-preparation of appropriate recombinant 

15 nucleic acid- ise^uences. in preferred embodiments-: of * ' 
the. invention>i:l30th human a and human jS genes -are 
expri^ssedv v^ln^an alternative embodiment, only human a 
globin ^or human /8 J globin is expressed. In further- 
embodiments>?uhiimah embryonic or fetal globin gene?; are 

20 expressed lor iar^' used as developmental expression ' 
regulators; of) adult genes, 

cHumanoalpha' and beta globin genes may be 
bbtainedi from publicly available clones, e.g. as - 
desGribed.i-i^h iSwanson et al. , 1992, Bio/Technol^ ■ ^ 

25 10s.557*559J .Nucleic acid sequences encoding human 

alpha and /.beta globin : proteins may be * introduced' into 
ari;;animal! vi^ two different: species of recombinant 
constructs^ one which encodes human alpha globin, the^ 
other encoding human beta globin; alternatively, and 

30 preferably, both .alpha and beta-encoding sequences may 
be.'.comprised in the same recombinant construct. The 
pig /epsilon globin gene is contained in plasmid= * 
psaf/pig e (k) ; (Figure 13), deposited with the. ATCC 
and-. assigned: accession number 75373. 

35 ^ " L:.. ; A. suitable promoter, according to the 
invention/^ is- a promoter which can direct 
transcription of human alpha and/ or beta globin genes 
in. red blood cells. Such a promoter is preferably 
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•^'elettively "active in erythroid cells. This would 
"dhclude/- but is not limited to, a globin gene 
't>irotnoter, sUch as the human alpha, beta, delta, 
■5 epsilon ot zeta promoters, or a globin promoter from 
another -species. It may, for example, -be useful to 
ufiiize 'pig globin promoter sequences;^ Tor example, 
as 'discussed in Section 10, infra , 'the use of the 

^ ehdogeribus pig f globin gene control region, as " 
"cbritatined 'in plasmid Pgem5/Pig)3pr (Ky , deposited with 
'the ATCC and assigned accession number 75371 and ' 
-h'aVi'ng thei sequence set forth in Figure 8,- has been 
shown to operate particularly efficiently. 'The human 
^alpha'and ^beta globin genes may be placed* under' the - 

;:£5 "ddntirol of ' different promoters, but-, slrice i't "has 'been 
-inferred that vastly different levels cff gldbiri chain 
'tirbductidh may 'result in lethality, it-'may be '-■ 
^ef erabife' to place the human alpha arid beta' g'lBfJin 
;geiT(es' under the control of the same promoter' ^fequence, 

^ 'In 'order to avoid chain imbalance and/or titraLtiori of 
transcription factors due to constitutive )S-^TdB'in 
•fjrdmoter activity in an inappropriate cell- 'type, it is 
des'irable to design a construct which lea'ds to* 
coordinate expression of human alpha and b^ta 'globih^* 

-25 ^^nes at the same time in development arid at- 
quantitatively similar levels, 

•In one particular, non-limiting '6iribodiment 
of thfe invention, a construct comprisinig the adjS 
construct (also termed the "116" construct ; Swa'hsbti' ^6t 

30 'al', , 1992 , Bio/Technol. 10:557-559; sree 'Figure lA) may 
be utilized. Although this construct. When ptesent! as 
a transgene at high copy number, has Resulted in' 
ideleterious effects in mice, it has been used to 
produce healthy transgenic pigs (see- Example Section 

35 6 > infra ) . = t 

In another particular, non-limiting ■ ' ' 

embodiment of the invention, a construct comprising 
the ap)3 sequence (also termed the "185" construct ; see 
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• Fdgu-re'^^lB )>• may -be us«d :> * - Such ■ A ^construct has the 
-advantage o^f pldciTig bot'h^ alpha -arid -beta globih- 
e^idoding- sequences liiAdeJr the contrd^^ of the same 
5 promoter (the alpha glob in promoter) 

- ^ ' • " In another ■particular/ non-limiting 
embodiment of the- -irtvent^ion, -a construct coding for 
di-alpha -globin^ like*'p6lypeptidesj niay be introduced to 
f orm trfeinsg^ic pigs 'ithat produce human hemoglobins 
Vith decreased diniferizatidn^ and an increased half -life 
(WO Patent •:9013^45 y. ^ " ^ ^ 

'i V '"in tyet' another particular, non-limiting 

embodiment ^of thfe* inviention> a construct comprising 
-the humane a-du It '^irpha glo'bin and epsilon globin gene'/* 
:15 the ' pig beta gliobin gene control region and the human 
±ieta globiri ^g^ine f < the 339 'cons' see Figure IR) 

■may.'bef^'-usedi' -'i-^ ^v-i th?- • i^^.^ . 

= :rs J J ^f'urthermoreV 'the 'iricbrpbration of a human or 
pig ep&iloii- globin :gei1e irttb 'the ^coristr'uct may 

•2:0 facilitate the- '-prbductibn' of high hemoglobin levels, 
-The - pig epsdibn- 'glbbi-ri^ *<^iehe may" permit correct 
developmental regul^ftibn of the adult 0 globin gene. 
High 1 eve ls(-'bf expr€£Ssio^^ introduced adult alpha 
globiti : gene (s) 'may V result 'ih= -a chain imbalance problem 

23 during dntrarUterine devel'Opme-nt of a^transgenic pig 
embryo' (becaaase aii. adult beta globin gene in the 
construct would not yet .be; expressed) thereby 
compromising the viability^of "the embryo. By 
providing high levels, of embryonic globins during 

30 development,, the' viabirity of such embryos may be 

improved. The"' pig epsilon giobin gene^ as. contained 
ill plasmid pSaf /Pige, deposited with the ATCC and 
assigned accession number 75373, is shown in Figure 

35 Th^- present invention, in further specific 

embodiments, provides for (i) the construct )Spa, in 
which the human alpha and beta globin genes are driven 
by separate copies' of the human beta globin promoter 
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(Figure. lC) the epf/Spa. construct , which . -.y 

coinpris6Svihuinan ^embryonic genes zeta. and epsilon under 
the. control: Df the epsilon promoter and- both alpha and 
5 beta: genes.i under the control:. of the beta promoter 
.(Figure ..aD) .;.. .{iii) the. fpeap^ construct, which . 
cainprdsesv human embryonic genes zeta and epsilon ;Under 
the contro;! of ; the zeta promoter and both alpha and 
beta.^genes-.mnder the.;control of the alpha promoter^ 

1,0 T^iigure,jiE) ; . .(iv). the apjS. construct carrying a- 

mutation that results in an aspartic acid residue, 
^rather, than - an asparagine residue) at. amino acid t 
Clumber:; 108:.; of j8 globin protein, to produce hemoglobin 
:Yashiz.ukar.< Figure IF:, construct "294"); (y) the oipiS ; 

2s t3onstr]uct^. carrying, a mutation- that results iri a ly.$ine 
iresaduie .(arathier than an asparagine residue);.at amino 
jaoid:. ©amber ..108 of • /S-globin protein, to produce i ..!. 
ixemoglobia Presbyterian (Figure. IG, construct •.'•29.3?'}.; 
.iOvi^)r.the apfii(Aa) construct, coinjected .with LCR o^, ■ 

20 ivhichv-comprises: the human jS-globin: ^gene .under the 

pantrol - of the human a^globin promoter and: a . separate 
?nuclei.c acdd fragment comprising the human . a-globin 
>genei under i 'its own promoter (Figure IH) ; (vii). the apjS 
.casnstruct carrying a mutation that results in a 

.25 oyfetedne residue (rather than a threonine residue) at 
^amihQ acid* number .134 of -a-globin protein :(Figure. II) ; 
:f viii) : the ap^ construct carrying a mutation that,-. 
uesults.in a serine, residue (rather than a cysteine 
residue) at amino acid number 104 of the a-rglobin- 1 , 

30 protein^.i.an alanine residue (rather than a. cysteiTie... 
^residue) at amino acid number 93 of the jS-globin 
protein and. a valine residue (rather than a' cysteine 
residue) at amino acid number 112 of the /S-globin 
protein .(Figure IJ) ; (ix) the apS construct/ -which : 

-35 comprises the human adult a-globin promoter under its. 
own promoter and the human 5-globin gene under the 
control of the human adult a-globin promoter (Fig. 
IK); (.X) Construct ap5(Aa) coinjected with LCR a, .. 
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wAich comprises the human <J-globin gene Xihder the ^ 
fibhtfbi of 'the human a-giofiih promoter and' a 'separate ' 
riiicl^ic" acid fragment comprising the human a-gl6bin 
5 gerie'uhtier^lts own promoter (Fig; IL) ; (xi) -Construct 
LCR a coirijected with LCR e)3, which comprises th6 ^ 
hiiiiiah* oc-gidbin gene under the control of its own 
proidbter arid, a separate nucleic acid " fragment - ' 
doiSj^tising the human embryonic 6 -globin -gehe and the 
iaiduit /3-globin gene under the control of their own 
proxhotJers (Fig, IM) ; (xii) the apjS construct carrying 
a'^Aiutatibn' that results ih a methionine residue 
(rather than a lysine residue) at aminb acid number "^6l 
Bf-the^a-globin protein (Fi^V IN); (xiii) the tdjS 
dbhstriictV ' Which comprises the huitiart eihbryonidr 'SpSilon 
g4n^j the human adult alpha globih gene arid ^ th^ 'hut^^ 
kdliit bet^ globin gene linked in tandem ffom^S^^ to 3* 
^Pi§^.- io);' (xiv) the a€)8 construct, which vcomprises 
the -human' adult alpha-globin gene, the human embryonic 

20 epsilon glbbin gene and the human adult bfeta globin 
g^he- linked in tandem from 5'- to -3' (Fig. IP) ; (xv) 
th'e 'dcaip ' construct , which comprises two copies of the 
liuman adult alpha-globin gene, the human eittbryonic 
efiiiilbn globin gene and the human' adult beta ' globin > • 

j5 ^ene linked in tandem from 5'-- to 3' (Fig; -IQ)*; (Xvi) 
thh ' bte (^"^fip) constiruct, which" comf)rises th6 human^") <^ 
kdult alpha-globin gene, the hum^n embryoiiic epsilon 
i^lobiri gene afid' the human adult beta globin gen6*- under 
the control of the endogenous porcine adult bet£i --^ 

30 globin promoter all linked in' tandem f rbm- 5'- -to 3 ' ■ 
XFig. IR) ; (xvii) the app construct carrying"' a 
mutation that results in a cysteine residue (rather 
than 'an aspartic acid residue) at amino acid number 75 
of the a-gl6bin protein (Fig. IS) ; • (xviii) the dfpjS 

35 construct carrying a mutation that results in ah 

arginine residue (rather than a tyrosine residue) at 
amihb acid number 42 at the a-globin protein (Fig.^ 
IT) ; (xvix) the LCR efiaa construct, which comprises 
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the human embryonic epsilon -gidbin gene, the ' hCiman 
adult beta globin gene and two copies of 'the human 
adult alpha-globin gene linked in tandem-^rom 5» - -to 
5 3' (Fig, lU) ; (xx) the LCR ejSct construct, -which 

comprises the human embryonic epsilon gTobih gene, the 
human adult beta globin gene" and the huihart' adult 
alpha-globin gene linked in tandem from' 5*- to 3'' 
(Fig, IV); (xxi) the ap)S construct carryihg'a mutation 

10 that results in a lysine residue (rather 'than a 

tyrosine residue) at amino acid number 42 - of -the a- 
globin protein (Fig. IW) ; > (xxii) *the = ap/3 coristruct 
carrying a mutation that results in an ar^ginine 
residue (rather than a tyrosine residue) aPt amino acid 

15 number 42 at the a-globin protein - and A' -glutamic acid 
residue (rather than an aspar tic aca^d '2^esi'due)• -at . 
amino acid number 99 of the )5-globih >r6teiri i (Fig. 
IX) ; ' (xxiii) the otp/S construct carrying i a ^mutation 
that results in a lysine residue ^ (r-ather than a 

20 tyrosine residue) at amino acid niitriber '4i of- the a- 
globin protein and 'a glutamic acid residue (rather 
than an aspartic acid residue) at amino acid number 99 
of the /3-globin protein (Figi= lY) ; and'^ (xxiv) the 
QrP«£ {P«)3p) p construct comprising ■ the pig" epsilon globin 

25 gene and beta globin control region (cb^structs 426 
and 427, Figure 14) • ^ ' n ' - • 

In transgenic pigs 'expressing vhuman 
hemoglobin three types of hemoglob^irt dimers ' are ' 
detectable: pig a/pig /3, human a/human /S; and hybrid 

30 human a/pig /3. In certain embodiment'S'^'df the 

invention, it may be desirable to decreasfe the amount 
of hybrid hemoglobin; Accordingly, ^the molecular 
basis for the formation of hybrid hemoglobin has been 
investigated using molecular modeling studies. Based 

35 on the information derived from these studies, the 

human alpha and beta globin structures can be modified 
to increase the level of human a/human jS dimers (See 
Section 11.); so that in further embodiments of the 



WOM/25071 



- 19 - 



PCr/US93/0S629 



invent idh', 'constructs comprising the ap$ sequencie may 
b'e-^ inadlfied t'b'code for d or jS globin proteins 
carryiTig*»^mrhb acid- changes that will lead to 
5:. iricreases -in' the aevel of human a /human jS hemoglobin 
dimfers' in^'transgeriic pigs. The present invention, 
provides for constructs .which encode human a globin 
a^d- htiinari i3 globin carrying one or more of the 
fel'l'^owing' mutations Tn the a globin molecule: (l) a 

10:v Thr at position 30 instead of Glu'; (ii) a Tyr at 

pbsit'ion 36 IVtstead of Phe; (iii) a Phe instead of Leu 
at'- 5)osition^ 106; (iv Ser or Cys instead of Val at ' 
position-^ 107; and/or (v) a Cys instead of Ala at - ' 
position'- 111. -"an specif ic embodiments, the construct" 

15^ cjarrydng-such- mutation (s) is - the'apjS cohstruct-;:' ' ^ The 
present invention; in further embodiments', provides / 
for cpnstruets which encode human iot gibbin and human j3 
globin carrying one or more of the following' mutatibhs 
in the /J. globin molecule: - (1) a Leu instead of Val at 

2G'> position' 33; (ii) a Val or lie instead of Cys at ' 
position 112; (iii) a Val or Leu instead of Ala at ■ 
position^ at position 115; (iv) a His instead of Gly at 
position 119; (V) a Met instead of Pro at position 
125; r '-(vi>van lie' instead of Ala at position 128; 

25', and/br" (vii')-a Glu instead of Gin at position 131; 
and/bi: (viii) a Glu instead of Gin at position l3ii 
Ini specif ic embodiments > the construct carrying the . 
mutation(s)'is the apjS construct, 

wr. • In further embodiments it may be desirable 

ao'j to; include; in constructs, the untranslated 3' end of 
the- pig beta globin gene as contained in plasmid 
pPig3*j3 (Figure 16) as deposited with the ATGC and 
assigned accession number 75372. (see, for example, 
construct 354 in Figure 12 and Figures 42 6 and 427 in 

35 ^ Figure .14) • Such constructs may also be useful in the 
expression of non-globin protein in pig erythrocytes. 

In-further embodiments, the pig beta globin 
control region depicted in Figures 8 and 9 may be used 
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iri = constructs that encode non-giobin proteins for the 
expression of said proteins in transgenic ipig-.or other 
non-hiiman erythrocytes . • . . . 

5 The recombinant nucleic acid -constructs 

described above may be inserted into any. suitable- 
plasmid, bacteriophage, or viral vector^ . for ; ' 
amplification, and may thereby be propagated using 
methods known in the art, such as- those:=dest:ribed= in 

10 Maniatis et al*, 1989, Molecular Cloning: A Laboratory 
Manual, Cold Spring Harbor, N.Y- In the working v-vh • 
examples- presented- below, the pUC = vector- (Yanish^ -V 
Perron et al.rl985. Gene 103-119): was utilised.; a. / 
The present . invention further, provides for 

15 isolated and purified nucleic acids coinprislng: the^pig 
adult beta globin promoter regulatory region^^^rthe^pig 
3 ' ' beta globin region, and the pig epsilonr globiti^: gene 
as comprised, respectively, in plasinidsr> ; • 
pgem5/PigjSpr (K) (ATCC accession no- - 75371) >i ^t)pa.g3>^j8cv. 

20 (ATGC accession no; 75372) , and :pSaf /pige <k') • ;i{'ATXi:€ 
accession no. 75373), respectively^ : ^ ^ - m^-^ ^' 
' Constructs may desirably be iiinearized for 

preparation of transgenic pigs . . • Vector sequefnce - may 
desirably be removed. v -v- v^o 

25 ^'v • ' - - ■ ' 

5.2. PREPARATION OF TRANSGENIC jpIGS . . 
The recombinant tonstructs-described above 
may be used to produce a transgenic pig by any method 
known in the art, including but not limited; to, • 

30 microinjection, embryonic stem (ES> cell manipulation, 
electroporation, cell gun, transfectioni; : transduction, 
retroviral infection, etc, species, of constructs may 
be - introduced individually or in groups of two or more 
types of construct. . . 

35 According to a preferred specific, embodiment 

of the invention, a transgenic pig may be prodticed- by 
the methods as set forth in Example Section 6,-. infra . 
Briefly, estrus may be synchronized in- sexually mature 
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gilts (>7 months pf ,age.) . hy .feeding /iaT)>ior;ally: active 
progestogen (ally,! .trenbolone> ATt;v.i5.s ing/gil:t/day) f,or 
12 to 14 days . On the last day . of AT;, f ee^iing , all 
5 gilts, may be .given an intraxnuscularrwinj-eotipn ,(IW).LiOf 
p^-pstaglandin (Lutalyse: 10 mg.i/?injecft.iorpji),,at ,0800 
and 1600 hours, Twenty-if pur- hours aftjerv. th:e. l^ast ;day^^ 
of.. AT consumption all' donor gilts r.may;: be viadministered 
a single IM injection of preghanti.mare ><servum ^ 

10 gonadotropin. (PMSG : -1500 lU) . - Human chorionic- 

gonadotropin (HCG : 7.50 . HJ) : may* bel -adml'niSitered:. to all 
donors at 80 hours af ter PMSG. . :^r.J. • n.^V r-i. 

Following AT withdrawal , \ donor:^ and ^recipient 
gilts may be checked twice daily ^ f or.; signs of. estrus.: : 

j5 using a mature boar. : Donors:-? which) exhi-bitedi. est r us 
within 3 6 hours following .;HCG. admin>i'Stratioh may be 
bred at 12 . and 24. hours after i ther onsfet* of* oestrus 
using artif icial, and naturals ( respect iViely.) M i r 
Irxseraination. ■;x\''- -^ib-^et'-t ui'^ 

20 Betw,een 5.9. and 66 hour sh aft er^" the . - 

administration 0:f.vHCG::one-^i and:^two-Tcellr,ova:.;may be 
surgical ly recovered f rom ^ bred donors using the • - 
following procedure- General^ anestthesiauinay be 
induced by administering-:D - 5f mgjof ac.eprpmazine/kg of 

25 bodyweight and 1 ; 3 mg; ketam>Ljie/jkg ; of i bodyweight via a 
peripheral ear vein;. Following^ anesthetization, the 
reproductive tract- may be .exteriorized following a 
mid-ventral laparotomy. ^ A drawn, glassy: cannula (CD. 5 
mm, length 8 cm) may be inserted- intD^- the ostium of 

30 the oviduct and anchored: to^ the;.;infundibu:lum using a 
single silk (2-0) suture, :Oya^-^may^. be f;lushed in ■ '; 
retrograde fashion by .insertingva 20. g needle into the 
lumen of the oviduct 2 cm anterior. to the uterotubal 
junction.. Sterile Dulbecco * s. phosphate. Jbuf.f ered 

35 saline (PBS) supplemented with-O. 4% bovine serum 
albumin (BSA) may be infused into the oviduct and 
flushed 'toward the glass cannula. The medium may be 
collected into sterile .17 x 100 mm: polystyrene tubes. 
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Flushings inay,; be. transferred . to : 10. x. 60. mm. petri 
dishes and • searched atr^lpwer, power (50 x) using a Wild 
M3 stereomicroscope,- : All: one-, and. two-cell ova may be 
5 washed twice in Brinster's Modified Ova Culture-3 
medium (BMOC-3 ) supplemented, with 1.5% BSA and 
transferred to r 30, jiV d^rops .pf. BMOC-3 medium under oil. 
Ova may- be stored ,at 3S.^C-under :a 90% .N^, 5% ,P2, 5% COj 

atmosphere : untiA micrainjection^ is performed. 

One- and .two-reel Ij ova ^ay be placed- in a 
Eppendorf tube ( 15 : ova; p;er,^ tube) ; containing 1 ml HEPES 
Medium suppiemejited: with. 1.5%; BSA and centrifuged for 
6 minutes at 1.4000 -Xi g. :4n order tp visualize pronuclei 
^in, one-cell and nuclei in .two-cell ova. Ova may then 

X5 be transferred to^ a: 5: - Irp Mi drop: of HEPES medium 
under oil" on a depressdpii-^slide.. Microinjection may 
he performed using ^a. tLaborluxi; micro scope with 
;Nomarski optics =and- >two Jjeitz micromanipulators. 10- 
;1700 copies ;of CQnstmdt iDNA;, (liri^arizeci at a. 

20 concentration of about Ing/^l of Tris-EDTA buffer) may 
be injected into: one* . pronuolei; in one-cell ova or both 
nuclei in two-.oell ova.- .. . • 

Microinj.!BCbe.d, (ovai may ,be returned to 
microdrops of .BM0C-3= .medium i under: ^ Otil and maintained 

25 at 38°C under, a 90% Nar.:3% COy, 5% Oj atmosphere prior 
to their trar^sfer to. suitable recipients. . pya may 
^preferably be transferred, within .10.. hours of recovery. 

Only reoipients . wliich ..exhibit estrus on. the 
•same day or 24. hours^ later, than :the donors may 

30 preferably.: be utilized fQr..;e.mbryo transfer. • 

Recipients- :m.ay be anesithetized as described earlier. 
Following, exteriorization of , one oviduct, at least 30 
injected one-and/or two-cell. ova and 4-6 control ova 
may be transferred in the following manner. The 

35 tubing from a 21 g x 3/4 butterfly infusion set may be 
connected to a 1 cc syringe. The ova and one to two 
mis of BMOC-3 medium may be aspirated into the tubing. 
The tubing may then bel.fed. through, the ostium of the 
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oviduct until the ;tip reaches the .lower third) or::.. • . 
isthmus, of -the oviduct, . The ova may.^be sub;sequently .v. 
experied as the tubing: is slowl-y withdrawn. :.\.-:.ir*.:.>. r. 
5, r.v, . The exposed portion of the reproductive 
tract may be bathed in a sterile 10% glycerol-0.9% 
saline solution and re.turned to the .body cavity; : .T^>€ 
connective tissue encompassing the linea lalba^./the fat 
and the skin may be sutured as three^•separa%Q. 1^ 

jjO; An uninterrupted .Halstead stitch may be. -used ^to.rc^pse 
the lina alba. The fat and skin may ; be cJ\osed ; using a 
simple continuous and mattress stitch, respectively. 
A- topical antibacterial agent, (e.g. Furazolidone);, ^may 
then be administered to .the rincision :areay- . . , i ^ v;: 

2iS: ^* Recipients may be pennecj in groups >pf^i^bout 

four and fed 1.8 kg of :a:.standard . 16% crude .prQjteir). 
com^soybean pelleted ration- Beginning on day ,18 
(day ^0 onset of estrus). , all re.cipients jmay be 
checked daily for signs of estrus. using ;a . ma twrQ boar. 

2:0 On. day 35, pregnancy detection may be performed using 
ultrasound.* On day 107 -of -.gestaitioni recipients may be 
transferred to the farrowing suite. In ord^r ;to 
ensure attendance at farrowing time,' farrowing; may be 

induced by the administration of prostaglaindin. Pja (^^ 
25. mg/ inject ion) at 0800 and 1400 hours on day .112 v of- 
gestation. In all cases , .recipients-jmay be .expected 
to farrow within 34 hours following. PGF2a ; . 
administration. . - : 

Twenty-four hours rafter birth/ allipiglets 
30 may be processed, i.e. ears notched^ needle teeth 
clipped, 1 cc of iron dextran admin istered^.^etc^ A 
tail biopsy and blood may also be obtained from each 
pig. ' 

Pigs produced according to this method are 
35 described in Example Section 6, infra , ^^and are 

depicted in Figure 2. Such pigs are healthy, jdq not 
appear to be anemic, and appear to grow at a rate : 
comparable to that of their non-transgenic ... 
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littermates. Suqh pigs /roaM,:tran5ini.t -,t^^^ to 
their offspring. -i^p. i. . ' f; : 

. Pigs having certain characteristics may be 
5 especially useful for the production .of .human ^ 
hemoglobin;, such pigs, examples,! of. wt^ich follow, v 
represent preferred, non-limiting, specific 

embodiments of the inyentipn.r. . . / . 

According: to.:Qne ,pref erred ;rspecific 

10 embodiment of the invention,- a ttransgenic pig contains 
at least, twenty, copies of a. globin transgejie. , 

According to a second preferred specific 
embodiment,., the P^o of, whole :blopd of vei transgenic., pig 
according to the invention is ..^.nqreased- .by; a.t least 

X5 ten percent over the. Psyr^pf the. whole blood rPf a 
cpmparable npn-transgenic, pig, t.ak-ing -into 
consideration factors such as. talti1^ude> oxygen : 
concentrations, pregnancy .the .presence. of-mutan^ 
hemoglobin, etc. Thus>.'- the* pr,©stent /invention provides 

20 for a .non-rpregnant ±ransgenic^. pig:, that carries and 

expresses a human globin: transgene in which the Pj^, of 
whole blood .of the trarnsgenic ,pig: is at .least ten 
percent greater than the: P5o- of. ^ (whole blood of a 
comparable non-pregnant nprt-rtransgenic pig>;,at the same 

25 altitude. i:*: v^vJ.- - • 

In other preferred, speQific embodiments, the 
present invention provides:, for. tr-ansgenic .pig in 
which the amount of; human glpfein produced relative to 
total hemoglobin is. .at least ..t-wor percent, more 

30 preferably at least five percent, and most preferably 
at least ten percent. 

Section 6, infra. , describes transgenic pigs 
which serve as working examples, of preferred^ non- 
limiting, specif ic examples :Of:.t.he. invention. 

35 ... -N. ,.■ . . 

5.3. PREPARATION OF HUMAN HEMOGLOBIN AND 
ITS SEPARATION FROM PIG HEMOGLOBIN 
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Thve^.^presentjji,^ for a method 

for producing -humdiiS' hi^ino^^ introducing 
a transgene or tfansgrenefevi^ncodin^ huihan hemoglobin, 
5 such as a human alpha>gl^fein ^^lid a rh&nan beta globin 
gene, under the ""cbhtrdl ^of 'a ' suitable jii'ombter or 
promoters, into the g4tf^ic material of a pig so as- to 
creatie' a transgenic pig -th^t :^xpr esses human 
hemoglt>bih in'-'at' 'least ''^^oi^^^^ of its- blood cells. 

The present invention also provides for a 
method of produciW^ 'htfmaih' hefnbglcbin comprising (i) 
introducing a ' human alph^ g^^ and a human beta 
globin gene; under -the^coi^trol-6f a suitable promoter 
or prbmot'efs, into the ^eiiet'ic material of a pig so as 

3^5 to crealte a ■ feransSg^^ pig ■ that expresses human 

hemoglobin ii¥ -at -lea^t •^sd'me^^bf ^ its red blood cells ; 
(ii)' dollecting : red blbbd-^ceiis frbm 'the transgenic 
pig; (iii) releasing-' the^cohtein^^ red 
blood cells to form^-a i^date; (iv) subjecting the 

20 lysate of the ' texl brbod-^bells to a* p^ 

prbcedure that substaritiially separates human 
hemoglobin -from pi^ hemoglobin; and (v) collecting the 
fractions that cbntaih pui'ified human hemoglobin. 
Such fractiofts ihay be =ideritified-'by isoelectric 

25 focusing ih^para'llel with* appr'bpriate standards. In a 
preferred emboditBerit of the invention, human 
hemoglobin itiay be • separated frbm pig hemoglobin by 
DEAE anion exchange ' column chfromatography . 

In order 'to prepare human hemoglobin from 

30 the transgenic pigs described above, red blood cells 
are obtained- from the pig using 'any method known in 
the art. The red blood cells are then lysed using any 
method, including hemolysis' in a hypotonic solution 
such as distilled water, or using techniques as 

35 described in 1981, Methods in Enzymology Vol, 76, 
and/or tangential flow filtration. 

For purposes of ascertaining whether human 
hemoglobin is being produced -by a particular 
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J:ransgenic;.pig, it.vinay be useful to perform a small- 
scaleoeleetrophpretic ranalysis of the hemolysate, such 
as j : for . example, . isoelectric focusing using standard 
5 tephnigue^. 

: Alternatively, or for. larger scale, 

purification, human= hemoglobin may be separated from 
pig fi^moglobin using ion. exchange ..chromatography- , 
gupprisingly^ oas discussed in Section 7, supra , human 
hemoglobiri was . observed to readily separate from pig 
hemoglobin .using ion exchange chromatography whereas 
mousei.hemgglpbin; and human hemoglobin were not 
separe^l^lQ by. such methods. Any ion exchange resin 
known in thf artr or. to be developed may be utilized, 

3^5 including./: ijDUt not limited to, resins comprising 

diethylaminoethyl, Q-§epharose, QGPI (I.B.F. ) Zephyr^ 
SpherodeXj^v eptiola , carbpxymethylcellulose , etc . • j 
prpyic^jBd. that ; the resin, results in a. separation of 
human and pig, hemoglobin, cpmparable to th^t achieved 

JO using. iPPAE;. resin. . ... 

- - .Apcording to a specific, nonlimiting 
embodixnent. of the invention, in order to separate .. .. 
human<.frpmj pig hemoglobin (including human/pig 
hemoglobin: hybrids) to produce substantially pure,:,-; 
huroan hempglobin, a hemolysate of transgenic pig red 
blpp^ir pells, prepared .as above may.be applied to a. 
PEAE.-anion exchange -,column equilibrated with 0.2 M 
glycine -buffer at Ph 7.8 and washed with 0.2 M glycine 
Ph. 7,8/5 .Mm.NaCl, and may then be eluted with a 5-30 

30 Mm. NaCl . gradient, or.. its equivalent (see, for example. 
Section 9 infra ) ^ Surprisingly, despite about 85 
percent, homology between human and pig globin chains, 
human and pig hemoglobin separates readily upon such 
treatment, with human hemoglobin eluting earlier than 

35 pig. hemoglobin. Elution may be monitored by optical 
density at 405 nm and/or electrophoresis of aliquots 
taken. from serial fractions. Pig hemoglobin, as well 
as tetrameric. hemoglobin composed of heterodimers 
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formed between :pig and- . human ^globin . chains; may be 
separated ' from human- hemoglobin by this :inethod. Human 
hemoglobin produced in a? transgenic. pig. and separated. 
5 from pig hemoglobin by this method has an oxygen 
binding capability similar^ tto that of native human 
hemoglobin. . v - .^ > . 

According to another specif ic,. ..non-^limiting . 
embodiment of the invention p >humah j hemoglobin may be 
10 separated from pig hemoglobin ^{ including human/pig 
hemoglobin hybrids) using QCPI ion.' exchange resin as 

follows: . =■ = '.^ >■ .PV • ... 

About 10 mg: of hemoglobin- prepared from 
transgenic pig erythrocytes ::may. be^diluted in. 20ml of 

15 Buffer A ( Buffer \ Ac f; dOmM Tris> v 2 OiiiiM -Glycine Ph 7.5) • 
This 20ml. sample may then., be. loaded at= a flow rate of 
about 5ml/minvonto a QCPIrid:€)?lumn.'M(iOi.ml) which has 
been equilibratedi with B^fffer: A. v ,;Th^: column- may then 
be washed with 2: volumes- of Buffer.: A/ cand then with 20 

20 column volumes of a O-5.0mM NaG;l gradient (10 column 
volumes of Buffer. A columns volumes of lOmM Tris, 

20mM Glycine, . SOmM Na€l.: Ph .7i,5) or, alteratively , .6 
column volumes of lOmM Tri&>,'j 20mM ; Glycine/ 15mM NaCl, 
pH 7.5, and the. 0..D.2^ absorbing imat^rialumay be 

25 collected in fractionst :to yield' the separated 

hemoglobin; human hemoglobin^ 'being identified, for 
example^ by isoeleetric.tf ocusijag. using, appropriate 
standards. The QCPIs coluirar-^may be cleaned by elution 
with 2 column volumes of. lOmMi Tris., 20mM Glycine, IM 

30 NaCl, pH 7.5. 

For certain : mutant, hemoglobins, it may be 
desirable to utilize a modified purification 
procedure. Accordingly,. :for the separation of Hb 
35 Presbyterian from pig Hb^. a procedure as described in 
Example Section 12.1. infra , may be used, and for 
separation of Hb Yoshizuka, a procedure as described 
in Example .Section 12.2,. infra , may be used. 
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- 5 *.4-.. . ^ PREPARATION ?aFv:HUMAN/ PIG HYBRID HEMOGLOBIN 
. invention also provides for 

essentially purified and isolated human/pig hybrid 
5 -hemoglobin, in .particular human.. a/pig hybrid 
hemoglobin.: :Pig .a/ihuma;n.ifli£hybrid has not been 
observed ;to forro:^ either.: in . vitro in reassociation . 
experiments or in vivo ,in. transgenic pigs* 

r.)The present,.:'irnvention provides for hybrid 
ihemoglobin and its. .oise.tas ,a blood substitute, -and for 
a pharmaceutical :<:orjppsition comprising the 
essentially purified and isolated human/pig hemoglobin 
hybrid in ^a -sultablj^ pharmacological carrier* 

rHybri-d ihemogJlobin may be prepared from . • 
-tr^ansgenip pigs:>;:-^s.;. denser ibed herein, and then 
-purified .by :.Ghr.OTnafcDgj:T^phy « immunoprecipitat ion , or . 
.any other, method )cnowi>.:to the vskil led artisan. The 
use of vi^oelectric. ifocusing to .separate , out hemoglobin 
.hybrid is shown .ii»n gijgures . 3 ..and 5 • 

-Alter^natiiyely^ chybr id hemoglobin may be . 
•prepared using .^^nucleic acid- constructs that comprise 
. both. :human . and. pig globin sequences which may then be 
expressed dn. any -suitable microorganism, cell, or 
-transgenic lanimal. ' ;Fpr example, a nucleic acid 
25 construct ;that,::comprises the human of and pig /8 globin 
genes. under . the control of »a . suitable promoter may be 
expressed to result. in::hybrid hemoglobin. As a 
specific example,-, human ,>a globin and pig j3 globin 
genes, under the i control .of cytomegalovirus promoter, 
30 may be trans fected into a mammalian cell such as a COS 
cell, and -hybrid hemoglobin may be harvested from such 
.cells. Alternatively, such constructs may be 
expressed in yeast or bacteria. 

It. may b^ desirable to modify the hemoglobin 
35 hybrid so= as to render it non-immunogenic, for 

example, by linkage with polyethylene glycol or by 
encapsulating the hemoglobin in a membrane, e.g. in a 
liposome. 
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6, EXAMPLE: GENERATION OF TRANSGENIC PIGS 

THAT PRODUCE HUMAN HEMOGLOBIN 

6.1. MATERIALS AND METHODS 

^e^iivf:/ NtJCLEic 'AciD constructs ' 
Constructs 116 (the aap. construct) , 185 (the 
apj3 construct), 263 (the apS construct) 339, 293 and 
294 were microinjected into pig ova as set forth below 
in order to produce transgenic pigs. 

.1 . 2 V * PRODUCTION OF TRANSGENIC PIGS 
* ^ ' iis'trus was synchronized in sexually mature 
giltrs '(i:^7 'febritlhs "df age)' by feeding ah orally active 



progestdgeJn (allyr trenbolone, AT: 15 mg/gilt/day) for 
1? t<5 1-4 -days. ' ""Oh^ the last day of AT feeding all 
gilts >recBiverf^^afri intramuscular injection (IM) of 
pro6tagiandi-n F.j;-: ^(.Lutalyse: 10 mg/injectioh) ' at 0800 
and i4_^00:...: iiyenty-four hours after the last day of AT 
consumption all donor gilts received a single IM 
injection of pregnant mare serum gonadotropin (PMSG: 
1500- iu)':->^ <ttt^an^ c^ gonadotropin (iicG: -750 lU) 

was administered to all donors at 80 hours after PMSG. 

Following AT withdrawal, donor and recipient 
gilts were checked twice daily for signs of estrus 
using a mature boar. Donors which exhibited estrus 
within 36 hours following HCG administration were bred 
at 12 and 24 hours after the onset of estrus using 
artificial and natural (respectively) insemination. 

Between 59 and 66 hours after the 
administration of HCG, one- and two-cell ova were 
surgically recovered from bred donors using the 
following procedure. General anesthesia was induced 
by administering 0.5 mg of acepromazine/kg of 
bodyweight and 1.3 mg ketamine/kg of bodyweight via a 
peripheral ear vein. Following anesthetization, the 
reproductive tract was exteriorized following a mid- 
ventral laparotomy. A drawn glass cannula (O.D. 5 mm, 
length 8 cm) was inserted into the ostium of the 
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oviduct and anchored to . the- inf undibulum using a 
single silk (2-0) suture. Ova were flushed in 
retrograde fashion by inserting a 20 g needle into the 
'5 lumen . of , the oviduct 2 cm anterior -to the -uterotubal ~ , 
::junction. Sterile Dulbecco's phosphate buffered I 
.saline ..(PBS) supplementedT-with 'P-4% bovine serjam ; 
'raibumin (BSA) was infused into the oviduct and flushed 
'toward the glass cannula* The medium was collected 

ao Unto sterile 17 x lOO mm polystyrene tubes. Fiushihgsi 
were transferred to 10 x 60 mm petri dishes and^! ;< 
i searched .at lower power (50' x)*' using a' ttlid'~M3 ' - j I' 

!.stereomicrpscope . All .one- - and two-cell .pya were . . ; 

/washed twice in Brinster's Modified Ova -Culture-3 ^- j= 

ij^S medium (BMOC-3) supplemented with 1 • 5%y BSA and ? ; j j; 
•transferred to 50 m1 drops of ,BM0C-3 medium under oil.!: 
|iOya wdre stored at 38<*C under a 90% Nj, 5^ O^r. 5%.|Cp2., j; 
i atmosphere" until microinjection was' performed*. " j ' 
One- and two-cell ova were placed' in - -| 

t20 ,:EppeTidorf ' tube (15 ova per tube) containing i ml 'HEPESi: 
'Medium -supplemented with 1. 5% BSA and cehtrif'u^e4 for-;; 
6 .minutes, at 14000 x g in order to, xisuali2.e,;prpnu^^^ 
in one-cell and nuclei in two-cell ova. Ova were then 
transferred to a 5 -10 fil drop of HEPES medium under 

V25 oil on a depression slide. Microinjection was 

performed using a Laborlux microscope with Nomarski 
optics and two Leitz micromanipulators. 10-1700 
copies of construct DNA (Ing/^l of Tris-EDTA buffer) 
were injected into one pronuclei in one-cell ova or 

•30 both nuclei in two-cell ova. 

Microinjected ova were returned to 
microdrops of BMOC-3 medium under oil and maintained 
at 38 °C under a 90% N3, 5% CO7, 5% O3 atmosphere prior 
to their transfer to suitable recipients. Ova were 

35 transferred within 10 hours of recovery. 

Only recipients which exhibited estrus on 
the same day or 24 hours later than the donors were 
utilized for embryo transfer. Recipients were 
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anesthetized as descrihed- earlier. Following 
exteriorization of one oviduct, at least 30 injected 
one- and/or two-cell ova and 4-6 control ova were 
5 transf erred in. .the . fol4.owing manner . . The tubing from 
•a 21 g X 3/4 ibutterf ly infusion set was connected to a 
1 cc syringe* ;The^,,pya and .one to two mis of BMOC-3 
medium were aspirated into the tubing. The tubing was 
.then fed through the ostium of the oviduct until the 
2,0 - tip reached the 'lower third or isthmus of the oviduct 
The ova were ; subsequently - expelled as the tubing was 

.srlowly wi^hdarawn;. . '' | . : ' \ ' 

..The exposed .p of the reproductive 

tract was bat^^^ sterile 10% glycerol-0. 9% Valine 

.jt5 sp-lution rand returned to the body cavity. The 

'connective tissue^ encompassing the linea alba, the fat 
and the aJcin I were sutuired as three separate layers. 
An uninterrupted Ha Istead ist itch was used to close the 

! I i V 0 J . > : 

lina ^Iba: ' The fat arid iskin were closed using ^ ' 

;20 ! simple contiguous •and inattress stitch, respectively. 
; A topical" antibacterial agent (Furazolidone) was then!! 
KjEidmihister^d^ . to ,,;,t;h!e^ incision . area . . . , , : 

Recipients were penned in groups of four and 
fed 1.8 kg of a standard 16% crude protein corn- 

2s soybean pelleted ration. Beginning on day 18 (day 0 = 
onset of estrus) , all recipients were checked daily 
for signs of estrus using a mature boar. On day 35, 
pregnancy detection was performed using ultrasound. 
On day 107 of gestation recipients were transferred to 

30 the farrowing suite. In order to ensure attendance at 
farrowing time, farrowing was induced by the 
administration of prostaglandin (10 mg/ injection) 
at 0800 and 1400 hours on day 112 of gestation. In 
all cases, recipients farrowed within 34 hours 

35 following PGF2a administration. 

Twenty-four hours after birth, all piglets 
were processed, i.e. ears were notched, needle teeth 
clipped, 1 cc of iron dextran was administered, etc. 
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A tail biopsy and blood were also obtained from each 
pig. 

.5 ''^ • •-'• '.'^-.i ■ - ^';.2; RESULTS AND DISCUSSION 

• ' ' ■ Of 3566 injected Wa, thirteen transgenic 

^^^igs that expressed human hemoglobin were born/ two of 
whi'dh' died shortly after birth due to notmal breeding- 
related' in'ciden unrelated to the fact 

2rQ that they were transgenic pigs {Table I) • The 

■remaining ■ii appeared to be healthy. A photograph of 
drie transgenic pig is presented in Figure 2. Profiles 
•df th pigs' and of the percent "authentic" arid - = • 
"hybrid" huma'n hemoglobin ("HB") produced are set 

:Xr5 t^drth in Table ll; infra . Total hemoglobin Vas 

'daldulat^d as the sum of human aj3 plus one-half of 'the 
'Hdman'''c^- pig 0' Hybrid/ ' Figure 3 presents the results 
Of 'i'sdeiiebtrid "focussing and triton acid urea gels' oj? 
•hertii^ldbin produced of these pigs (numbers 
I'S^^i/'* 3""3/ and' 6-3) which demonstrate the expression 
of human alpha and beta globin in these animals. 
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TABLE I 



10 



15 



20 



Efficiency • of Transgenic Pig Production 
-/Hunian Hemoglobin Gene Construct (s) >ti 



Paraiheter. 

Totai bva^ Collected 

Total # Fertilized [ ' 

Total # Injected 

# Injected Ova .Transferred ' 

# Control Ova Transferred 

# Recipiej^ts Used 

# Pigs Born (Male, Female) 

# Transgenic (Male, Female) 
'# Expressing 



Total After. 
22 Trials 

' : ' 1 . 

8276 I 
7156 ; ^ ■ 
3566 

3566 ' 
279 

104- ; I 
208^332 • 
8,:5 (0.36).^* 



13 



. 1 



L I i ...j. 



1 



Proportion of injected ova which developed into 
transgenic pigs (13 transgenics/3566 , in jected ova);. 
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; TABLE II 
FOUNDERS 



10 



PIG 


GENDER 


TRANSGENE 
CONSTRUCT 


AUTHENTIC 
HUMAN HB 


HYBklD 

HE- 


TOTAL 
'HUMAN 
* HB • 


COPY 
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€-3 


F 


116 


. • !6.2% ! 


8»a% 


' IQ.3% 


57 


9-3 . 


F 


116 


1.6% = 


33.1% 


16.6% 


1 


22-2 


M 


185 


' <i% ' 


..} . .... ■ 
' 5,0% 


. 5.0% 


55 


33-7 


F 


185 


*died shortly after. birth 


0.5 


38-1 


F 


185 


1.0% • 


8.3%' 


: 5.2% 


17 


38-3 


M ' 


.185 


4,7% 


17.2% 


i 13.2% 


22 


38-4 


M 


185 


. ;3,2% ; 


7.0% 


6,7% 


5 


47-3 


M 


2 63 


<!■% 


: 2.9% 


2.0% 


4-6 


47-4 


F 


263 


• <i%'' : 


^•i8v!j5%- 


10.0% 


1-2 


52-3 


m" 


263 


<!•%: - -.. 


"■.7.6% 


4.6% 




5^-7 


M 


263 


<1% = 


^6.4% 


' 13.0% 




53-11 


M 


263 


: <i% i : 


15.5% 


8.0% 




70-3 


F 


339 


23 ^ 


31 


38 


3 
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Table III presents the profiles of offspring 
bf p'fig number 9-3, which shows that the Fl generation 
ofi .tri^nsgenic; pi.gs are capable of expressing 

wnogftlobin. Of note; none of the offspring of pig: 
httinbet 6-3 'were found to be transgenic, possibly due 
to tHj^ absence of transgene in the animal's 
r4t>roductive tissue, 

- '-^ ! "'J; ^ .' . ' • ,' 

; i ; Table IV presents hemoglobin expression data 

og? ;of fspting of pig 38-4. carrying the "185" construct 

;(thex"Vapj3" construct.; see Figure IB). Table V . • 

pt**a:seiiits^ a -summary of the profiles of offspring of. pig 

nimber 3 8-4 in which a large percentage (37,1%) of, 

pff.spting were positive for expression of human i 

hemogjiobin ' indicating germ line transmission of tiie 



ti^iipsipene* . Figure .19 presents the results of 



isoelectric focussing which demonstrate^ th^ levels of 
^i^iipglob^n^sexp^ in representative transge.rie ! 

positive' 38;-4 i offspring. 
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The birthi weights rof .^the . transgenic pigs 
have been approximately equivalent: ito the birth 
weights -of their non-rtransgenic. vlittermates.- : As the 
5 transgenic pigs jnatured, -theirjiweights. remained 
compeirable to the weig^hts :of contrDl. animals . 

7. EXAMPLE: SEPARATION OF H.yMAN HEMOGLOBIN 

FROM PIG HEMOGLdBrN BY 'pEAE' 'CHROMATOGRAPHY 



20 



25 



30 



* 7.1. ' MATERIT^is A^ METHbDS ' 

■ ' 7.l'/l. PURIFICATlbrj BY"' DEAfe' 'CHROMATOGRAPHY ' ' 
For purificatidh/* red' tiiood cells were 
collected by c(5ritriifu^atiori' of^' 56dd rpia for 3 minutes 
in an" eppiendorf micrdcbntrlfu^e 'and washed three times 
with an eqixal vblume" (origiriVr o;9% NaCl. 
Red cells were lysed with '-1:5 'V8iiim'efe" deionized H2O/ 
centrifuged at 13, 000 rjitn/' and' 'th^ 'supernatant w 
fractionated by anion exchange chrbMatdgrafm'y. DEAE 
cellulose* chromatbgriapiiy (D^-^lf 'manuf acWreci by 
Whatman, Ltd.) was performed accdrdlng to W. A. 
Schroeder" and T, H, J, Huisman "The Chromatography of 
Hemoglobin", Dekker, New York, pp. 74-77. The 0.2 5 ml 
red cell hemolysate de^ to 1 

cm X 7 cm DE-52 columh Cpr^^ 0.2 M 

glycine Ph 7,8 and ^%fa^■,:.wa^h^ volumes of 

0.2 M glycine Ph 7.8/5:?iMra .NaCl. ^ Jlemoglobins were 
eluted with . a 200 ml :5^30 'mM NaGl/0. 2 M glycine pH 7.8 
gradient. To complete elution of pig hemoglobin, an 
additional 50 to iOO ml of /3Q -mM CaCl/glycine pH 7.8 
was added to the. column^;; *• Elution of > = hemoglobin was 
monitored by absorbance * of '.415 'mM and by lEF analysis 
of column fractions. 

7.1.2. REASSOCIATION OF GLOBIN CHAINS 
Reassociation of globin chains was performed 
essentially as described in Methods: in Enzymol. 
76^:126-133. 25 lambda of pig blood, 25 lambda of 
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human .bloodi, or:; a 25 . iambda . mixture of 12. 5 lambda 
huiaan blopd,.and)12^:5j.lai5bda pig^.b treated, as 

follows. - The -.blqp(^;-.was,pe,;^leted .a a setting of 5 on 
microf uge f or .:2 .minutes, Mthen,.. was .times with 

S 100 lambda-p.S .percqnt-jNaCl, , ■T^.f cells-^were lysed 
with ,50 .la.mbda ti2Q-, ;thej)-^pun ^atj high speed to conf irm 
lys^s. : 50:4aiubda .of -thehlysed, cells was .then combined 
with 50 .lambd^c;0f.2oM ^a .Acetate^^ - 4*5, put on. ice 
and- theqi ^incubated.;ini,a,. cold overnight. After 

10 adding 1.9 ml. 0.il;^M :^aH2P044/.i p^-J.A each sample was 
spun, inv.centricon.. tub^s ,at :4°C and-SK -.until about 0.5 
ml remained-. . Thenn-,l;:Dil o.foQ.I.M NaH2P04 pH 7.4 ;Was. . 
added e^nd^: spun thi:;qugh" at -about 5,K until about 0.2 ml 
volume, .Vs^as lef tv..;r-:?;he;vhemqglobin was then washed from 

1? the; walls of -the )(pentri,qon ;tube^ .^an. eppeLndorf adaptor 
Vras attached, -and -id; :t.at|l^r;t used, to 

i;:eropye each: :samplertfrQm^ its ;-centrico^ tube. The . .< 
samples were then^^n^^;y2:ed.„by isoelectric; focusing..; . 

20 ... 7.2. RESULTS AND DISCUSSION 

7 . 2 . 1 4 n . HUMAN; AND .PIG HEMOGLOBIN WERE SEPARATED 
. FROM A HEMOLYZED MIXTURE OF HUMAN AND 

" -•■=^•.^^^^;=^•/• . ' ptrcVBLOOtP ' • 

■ ' feijual' ]^i?dp6r^ human and of pig blood 

Were mi'xed' and' 'ly^edV' an3 'the resulting hemolysate was 
6ubj'ec€^d' to -DEAE" chrbmatogrzip^ as" described supta . 
As shoifiil' in Tigurfe 4A'/ pig' hemotflbbin separated 
virtually compli^tely froih human hemoglobin. This 
complete kei>aratiori Is surprising in light of the 
structural 'simiiatitj^ Between human and pig 

30 

hemoglobin; ' pig and human alpha globin chains are 84.4 
percent homologous and pig-and human beta globin 
chains are 84.9 percent homologous. It is further 
sufpifising because/ as shown in Figure 4C, when human 
and mouse blood' was mixed, hemolyzed, applied to and 
eluted from a DEAE column according to methods set 
forth ih Selction 7. ill./ supra, human and mouse 



wo 93/25071 



- 42 - 



PCr/US93/0S629 



hemoglai?irt:J^re .not. :Gb to separate despite the 

fact that jinouse and human alpha globin chains are 
about 85*8 percent homologous and mouse and human beta 
^globin chains are 80-1. percent homologous. The ease of 
S .separation of human and pig hemoglobin on DEAE resin 
.appears tp,:be both efficient and economical. 

; ^ . . Interestingly, the order of elution of the 
pifTOteins ,f rom the anion exchange column was ript as 
. expected ..^^ ^Based on the relative pi's of the proteins 
10 . as deduced from the lEF gels, the predicted order of 
.elution would.be first the hybrid (human a/pig /?) 
,,fpllow^d[. by. the authentic human a/human^/S. . The last 
.prQteijn^^.tp elute from the anion exchange column then 
j.WOUj.d l?ie, the. endogenous pig a/pig jS protein. However, 
•15 .un(^e^, al^ the conditions currently attempted the order 
of .el.ut.iqn, was ^Itered that the human hemoglobin 

was the first to elute. The second peak was an 
.enriched fraction of the hybrid followed very closely 
the -pig ^ hempg 



20 



7,2.2, .HUMAN AND PIG HEMOGLOBIN AND HUMAN/PIG 

" " * HETEROLOGOUS HEMOGLOBIN WERE) SEPARATED 

t;.- . FROM HEMOLYSATE PREPARED FROM A. tr 

. . TRANSGENIC PIG 



r,^^ Blood from transgenic pig 6-3 (as described 

-25 ,in .Section 6^ supra ) was lysed by hypotonic swelling 
and the resulting. hemolysate was subjected to DEAE 
chromatography as described supra . As shown in Figure 
4B, .human hemoglobin was separated from pig hemoglobin 
.and from human a globin/pig beta globin heterologous 
^30 hemoglobin. As shown in Figure 4D, human hemoglobin 
.was substantially purified by this method. 



35 



7.2.3. PIG ALPHA GLOBIN/HUMAN BETA GLOBIN 
HETEROLOGOUS HEMOGLOBIN DOES NOT 
\ ■■ • . APPEAR TO FORM BASED ON REASSOCIATION 
DATA 
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.: Hete:roipg^oy&'' a:s?^^ pig alpha 

globin and human beta globin chains has not been 
detected in hemolysates obtained from human 
hemoglobin-expressing transgenic pigs. It was 
5 possible, however, that this observation could be 
explained by relatively low levels of human beta 
globin expression. Alternatively, association between 
pig alpha grlobin and human beta globin may be 
chemically unfavorable. In order to explore this 

10 possibility, reassociation experiments were performed 
in which pig and human hemoglobin were mixed, 
dissociated, and then the globin chains were allowed 
to reassociate. As shown in the isoelectric focusing 
gels depicted in Figure 5,. although pig a/pig /S, human 

15 Qc/human p,. and human a/pigjS association was observed, 
no association between pig a globin and human )S globin 
appeared to have occurred. Therefore the pig a/human 
jS heterologous hemoglobin should not be expected to 
complicate the purification of human hemoglobin from 

20 transgenic pigs. 

8.^ EXAMPLE: SEPARATION OF HUMAN 
' HEMOGLOBIN^ TROM PIG" HEMOGLOBIN 
- , - BY OOP I : CHROMATOGRAPHY ■ , 

8.1. - MATERIALS- AND METHODS 

25 

^ V . i Clcirifiedvihemplysat^^ from, .transgenic pig 6-3 
I3mg/ml; Buffer At-.-lOmMi Tris,. 2 pm^I .Glycine pH 7,5; 
Buffer B: lOmM Tris:,.; 20mM Glycine^. 15 =mM NaCl pH 7.5; 
Buffer C: lOmM Tris., .ZQmM ^Glycine,- .IM WaCl ,pH ,7.5; 
Buffer D: IQjfnM Tris, 20mM Glycine, 50 mM NaCl pH 7.5; 

30 

QCPI column 10ml Equilibrated in Buffer A; Trio 
purification system... lOmg of hemoglobin prepared from 
transgenic pig 6-3 was diluted in 20ml Buffer A. 20ml 
of sample was loaded at a flow rate of 5ml/min onto 
the QCPI column, and washed with 2 column volumes of 

35 

Buffer A. The column was then washed with 20 column 
volumes of a D-50mM NaCl gradient. (10 column volumes 
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Buffer iA-+ UG <i6'liLirtn* volumes of Buffer D) and the 
O.D.-2io absorbing- in'ateriar vas collected. The column 
was th^n c5rearied'^ith^i'2 column volumes of Buffer C, - 
and ttieri r^-equilibrated'*with 2 column volumes of 
5 Buffer- A ' ^ i*: ' - • ^' 

:• - v;. - ^:-r8.2V' RESULTS ' 
: ; - !^*' er UV trcice (peak vs . volume of 

gradient) '^'CFictJ '6) •revealed that the human hemoglobin 

10 was -eluted 'at IS mM^NaGl-. Subsequent purifications 
have beeh-perfbrmed-utiiizing'the same protocol as 
above, oniy-iasi-ng --e column volumes of Buffer B (ISmM 
NaCl) -to elulle:^ the^ih'uman hemoglobin rather than the 
gradient. In* -"^additidn; non^trahsgenic pig 

15 chromatographed by this method does not elute from the 
QCPI with Buffer B, while native human hemoglobin 
does. The protein that eluted at l5mM NaCl was 
analyzed on the Resolve isoelectric focussing system 
and found to be essentially pure of contaminating pig 

20 hemoglobin or hybrid hemoglobin. 

9. EXAMPLE: HUMAN ALPHA/PIG BETA GLOBIN 
HYBRID HEMOGLOBIN EXHIBIT INCREASED Po . 

As shown in Tables II and III, supra . 

25 transgenic pigs of the invention were all found to 

produce significant amounts of human a/pig /? globin 

hybrid hemoglobin (the pig a/human )8 hybrid was not 

observed) • Significantly, pigs that expressed higher 

percentages of hybrid also appeared to exhibit 

elevated Pj^ values for their whole blood (Figure 7) . 



10. EXAMPLE: ENHANCED EXPRESSION USING PIG 
BETA GLOBIN REGULATORY SEQUENCES 

The 3 39 construct (Figures IR and 12) 

containing the pig adult beta globin gene promoter 

region (Figure 8) , was used to prepare transgenic pigs 
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according to the method set forth in Section 6.1.2. 
supra . Figure 15 depicts an isoelectric,, focusing gel 
analysis of hemoglobin produced by pig 70-3; equal 
amounts of hemogl5bin from transgenic pig 6-3, 
5 carrying the 116 construct (Figure lA) and human 

hemoglobin are.^run in adjacent lanes for comparison. 
As indicajted bV; the brighter bands observed in the 
lane containing pig 70-3 hemoglobin at positions 
corresj^n^ing to human and hybrid hemoglobins 

10 (relat|ve£to t^ie lane containing pig 6-3. hemoglobin) , 
the amcmn^ of human hemoglobin produced by pig 70-3 is 
greatei^^ tnan the amount produced by pig 6-3. It has 
been c^icSilated that 38 percent of the total 
hemoglobin produced by pig 70-3 is human hemoglobin, 

15 whereat' i3 percent of total hemoglobin produced by pig 

6-3.-is ai\^an hemog;lobin (see Table II and Section 6.2. 

supra , '^di data arid calculations). This. suggests that 

the^i^igt: teta globin proinoter region is- more efficient 

tha^^ the human beta globin promoter in transgenic 

20 pigs. '^-^ 
<*• ■ 

?^ rin a separate series of experiments, two 
more tifan^genic pigs, expressing human hemoglobin, 
were obtained using construct "339" (pigs 80-4 and 81- 
3) (FlGj^lj) . Human hemoglobin levels in these 

25 transgenic pigs was determined by funning isoelectric 
focussing- gels and densitometric scanning of the 
individual bands (FIG. 18). As indicated in Figure 
17, both pig 70-3 and pig 80-4 expressed high levels 
of authentic human hemoglobin. To obtain the copy 

30 number of transgenes, genomic DNA (isolated from the 
tail) was digested with EcoR I and a Southern Blot was 
performed. The probe used was a 4 27 bp Ncol/Bam HI 
fragment of human beta globin gene containing the 
first exon, first intron and part of the second exon. 

35 

11- EXAMPLE: MOLECULAR MODELING OF PIG 
HEMOGLOBIN AND THE jS, INTERFACE OF 
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A HYBRID BETWEEN PIG B AND HUMAN a GLOBIN 

It has been found', that the amount-, of- hy^brid 
human a/pig ^ hemoglobin often exceeds the. amount of 
human hemoglobin. The molecular basis, of. this . 
observation has. been investigated, using, molecular j,. 
it\pdeling and molecular biology.. The model structure 
of the hybrid molecule is based on the, known, 
structures, of human hemoglobins and the struct^uij'al. . , 
homology between the human and pig structures (A.M. 
L^sk,, 1.991, Protein Architecture:- A, Practical. . . 
Approach, Oxford University Press, N. Y. ) . The, pig. ^r\d 
hybrid hemoglobin structures were modeled using the 
following four steps: (1) hydrojg^n atoms jyere. add^d 
tpthe X-ray model and their positions modified using 
energy minimization; (2) amino acid residue 
replacements were introduced, to. model, the; ^^-^rget pig 
and hybrid structures (no chain alignment was _ . 
necessary) ; (3) the side ch^aln pbsitidnSv^of vthese ■ i ' 
modified residues were energy minimized; and -X4) ^^the ^ 
result was visually examined and^ found- to be* sound. '* 
The modeled structures are shown in Figurei '20i' • ' 

Detailed examination of ail the relevant m;; 
contacts indicated striking differences at> several 
residues. For example, at positionh/3il2 the. human . 
hemoglobin has a cysteine residue -but the 'hybrid has a 
valine residue. The valine is in apparent cl6ser 
contact (arrow in FIG. 20) with the opposing- subunit, 
and thus may be more effective in. stabilizing "the- a| jSj 
interface (FIG. 21) . 

The effect of amino acid substitutions at 
the.ttf jS, interface on^-the hydrophobic and polar • 
interactions as predicted by HINT are. shown in TABLE 
VI. HINT is software from Virginia Commonwealth 
University Licensed from Medical College of Virginia, 
Richmond, Virginia that can analyze the positive and - 
negative scores as determined by attractive ' and 
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repulsive interactions known from experimental 
physical chemistry measurements. TABLE VI represents 
the dif f erehdiBs iSfe'tWeien the urt^ dimer and the 

one with the specif ied ire^lacement . TABLE VII has the 
5 same foi^^iiiat' as TA^iiE Vi with the following two 

exception^:' ' (ly '•^as 'eadh replacement is added, the 
previous one (s)' aire kept/ and (2) the reported 
dl'ff eren*6iB is' a ^c'omparisoh between the current dimer ' 
and the one re'fleCted in the preceding row. As the 

10 subseqiieri'^ial "chiang^^ ^SLre made, the predicted 

attractive forces ^t' the interface increase. If each 
column is summed up the total difference between the 
unmodified dimer and the one with seven changes is 
dbtainedV ' 'The bums are +li40 for hydrophobic and +660 

liS: foir^'^blar':'''''-- ' 
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- TABLE" VI *■ ■ :'rr:y 

Effect of * amino acid replacements at the alffl 
interface 
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12. EXAMPLE: EXPRESSION OF GENETICALLY 

MODIFIED HEMOGLOBINS IN TRANSGENIC ANIMALS 

Of the known human hemoglobin variants, 

about two dozen exhibit a lower oxygen affinity, which 

could be advantageous in clinical applications. While 

many of these mutants result in unstable hemoglobin 

molecules, several variants have desirable biochemical 

properties and can be used for the generation of blood 

substitutes. using recombinant ^DNA technology. 

Transgenic pigs expressing 'two of 'these variants, Hb 

Presbyterian (108 Asn-^Lys/ ^ig. IG) and Hb Yoshizuka 

(108 Asn-*Asp, Fig. IF) have been produced and 

purification and characterization of the expressed 

human globins is described below. 



12.1. PURIFICATION AND CHARACTERIZATION 

OF Hb PRESBYTERIAN 

The amino acid substitution generated in Hb 

Presbyterian (jSlOB Asn-*Lys) results in the comigration 

of Hb Presbyterian with the hybrid {hap)3) hemoglobin 

on isoelectric focussing gels. Based on previous 

results with the purification of human hemoglobin from 

hybrid and porcine hemoglobins and the more positive 

nature of the Hb Presbyterian it should be easier to 

purify this variant hemoglobin on an anion exchange 

resin. Approximately 500 ml of blood was obtained 

from the transgenic pig 57-10. The blood was washed 

several times with isotonic saline and then lysed by 

hypotonic swelling in water. The cell membranes were 

removed by centrif ugation at lOOOO xg to yield a final 

hemoglobin concentration of about 100 mg/ml. Hb 

Presbyterian was purified from the hybrid and porcine 

hemoglobins as follows: 1-2.5 g of hemolysate was 

loaded onto an XK 50/30 column packed with 450 ml of 

Biorad Macroprep High Q resin equilibrated with 10 mM 

Tris-Cl and 20 mM Glycine at pH 8.1 (Buffer A). The 
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jproteins were eluted at a flow rate of 10 ml/rain with 
a linear salt gradient of 9-16% Buffer B (Buffer A 
Gontaijiing 250 mM NaCl) over 3 000 ml. 
^ t . : u ^The .iinitial peak was thought to be Hb 
5 P^esb^t^t'iff^!^ followed by the co-elution of the hybrid 
j|Yi'd'i)6rcih^' hemoglobins (FIG. 20). To confirm the 
identity of the first peak as Hb Presbyterian and not 
the hybrid hemoglobin, a sample of the protein was run 
on Reversed Phase HPLC (FIG. 21) • The initial peak 

10 from the anion exchange column was Hb Presbyterian 
with the a-chains eluting at the same time as normal 
human a-chains and the jS-chains eluting slightly 
faster than normal human /8-chains, This was also 
found to be an excellent way of determining if porcine 

15 hemoglobin was contaminating the column fractions. 

Using this purification procedure and the analysis on 
HPLC the recombinant Hb Presbyterian derived from the 
transgenic pig 58-10 was judged to be greater than 95% 
pure, 

20 Purified Hb Presbyterian was dialyzed 

against 50 mM HEPES and 100 mM NaCl at pH 7.4 and 
oxygen equilibrium curves determined using a Hemox 
Analyzer (TCS Products, Southampton, PA). The Hemox 
Analyzer was modified to allow analog to digital data 

25 conversion for ease of oxygen binding calculations. 

Under these conditions the Hb Presbyterian had a P50 of 
25.8 mmHg (Hill Coefficient n=2.3) versus 13.3 mm Hg 
(n=2.9) for Hb A indicating that the Hb Presbyterian 
bound oxygen with lower affinity than native Hb, 

30 Preliminary results to determine the Bohr Effect 

(Influence of pH on the oxygen affinity) indicated a 
normal Bohr effect for Hb Presbyterian (FIG. 22). 



35 
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12.2. TURIFI CATION AND CHARACTERIZATION 
OF Hb YOSHIZUKA 

Blood samples taken froirf the transgienic pigs 
expressing Hb Yoshizuka (68-3 and 68-2) were treated 
5 essentially the same as described above.'^ rThe final 
concentration of the ; hemolysate was ^approxiinately.: lOO 
mg/ml. The purification of the protein required a 
slightly different strategy , howeverv . A^^ample-^of 
hemolysate from 68-3 (about 10 mg) was loaded onto an 

10 HR 10/30 Biorad Macroprep High Q resin column 

equilibrated with 10 mM Tris-Cl and 20 mM Glycine^ at 
pH 8.7 (Buffer A). The hemoglobins were eluted at 2.5 
mls/min with a 5^30% linear gradient -of. Buff er B 
(Buffer A plus 250 mMNaCl) over^SOO^ml (FIG. .23). 

IB Fractions were collected and analyzed by lEF to assess 
purity which was 'determined to -be iabout ^^75% i or better . 

13. DEPOSIT OF MICROORGANISMS 
The following plasmids^'Weret deposited - with 
^20 the American Type culture ^Cbllection (ATCO);- 12301 

Parklawn Drive, Rockville, " Maryland 20852^ on; December 
2, 1992. ' ^^• -A- ■ 

plasmid - cpntaining ': . i; accession> -no^ 

psaf/pige(k) pigc ^ globin gene > ^ 75371 

^45 pGem5/Pig/3pr(K) pig adult ^ globin 75372 

gene regulatory region 
pPig3'i5 3 ' end of pig : ■ - 75373 

)S globin g^he;^ ij.w... 

30 Various publications: are. cited herein which 

are hereby incorporated by reference in their 
entirety. -• • ^' 
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WHAT IS CLAIMED IS: - .w^.-.i 

1. A transgenic pig cpniprAs<ed of . the DNA 
sequences encoding human alpha globin and human beta 

5 globin operably linked to promoter; el ejmient:^ where 
human hemoglobin is produped in^at l,ea.&^ . some of the. 
red cells of said pig and in which the nucleic acid 
construct is the 426 construct ors gi^icted in Figure 

10 = ; 

2. A transgenic pig: co^ip^-i^edopfr the DNA 
sequences encoding human alp^a globin §nd,.hiVinian beta 
globin operably linked to :promoter : elements, wher^ 
human hemoglobin is p^pdi^ped^ln at .least some of , the 

IS red cells of said pig and .wJhich. ;^^,e^ nupl.eic j^cid. 
construct is the 427 jp.oiist^uct,a=s depi,ct;ed in ; : 

Figure 14. ---:ir..;j i,.,,:-: 

3. A transgenic; pig cp?np?rijs.edi o:^:. the. DNA 
2 0 sequences encoding human., ^Ipha , globin beta 

globin operably linkec^.tp.^pr.pnioter^ elements where 
human hemoglobin is produced in at least some of the 
red cells of said pig. and in which,r.t^ 
globin produced relative tP j't;.ptal ,tie9i^ is at 

25 least twenty percenl", ^: . :\ . : --^^^-^-.c 

4* A transgenic; pig, cpmp^ise.d of. a ,DNA . . 
sequence comprising . the pig adult globin: regulatory 
region as contained . in . plasinid pGe);q5^/Pig)8pr(K) , 
30 deposited with the American Type Culture Collection 
and assigned accession number 75371, operably linked 
to a gene, in which the gene doe^s not encpde pig ^adult 
0 globin, where the gene , is expressed. in at least some 
of the red blood cells , of said , pig.. . . 

35 

5. The transgenic pig of claim 4 in which 
the gene is human )3 globin. 
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6i • The tr^nsge^a<:^-.pig-.of claim 4. in which 
the gene encodes a nonTrglobin? protein. 

7. A transgenic pig 'Comprised: ;Of a DNA 

5 sequence comprising the 1 3 ' :r€igion of .the pig adult /S 
globin gene, as contained .in/ plasmid pPig3"/8, 
deposited with the American .Type Culture Collection 
and assigned accession nunib^r 75372/ operably linked 
to a gene, in which the gene is not , pig adult /3 
10 globin, where the gene, isjexpressed in at least some 
of the red blood cellsj.of ,^aid< pig^ r . 

8. The transgeniC'Npi.g oof qlaim 7 in which 
the gene is human /S glpbini .-i.^wi-. 



15 



9. The tr^sgeniq- pig of claim 7 in which 
the gene encodes a non-globin protein* 

10, A purified and isolated nucleic acid 
20 comprising: the pig adult 0 globin regulatory region 

as comprised in plasmid pGem5/Pig/8pr (K) , as deposited 
with the American Type Culture Collection and assigned 
accession number 75371* 



25 11- A purified and isolated nucleic acid 

comprising: the pig e globin gene as comprised in 
plasmid pSaf /pige (K) , as deposited with the American 
Type Culture Collection and assigned accession number 
75373. 

30 

12. A purified and isolated nucleic acid 
comprising: the 3' region of the pig adult /S globin 
gene as comprised in plasmid pPig3'i8, as deposited 
with the American Type Culture Collection and assigned 
35 accession number 75372, 



wo 93/25071 



PCr/US93/05629 



- 57 - 

13 . A transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 
globin operably linked to promoter elements where 
human hemoglobin is produced 'i'h at least some of the 
5 red cells of said pig and in which the nucleic acid 
encoding human alpha globin or human beta globin 
comprises a mutation which increases the level of 
authentic human/human dimer in . the transgenic pig. 

10 14. The transgenic pig of claim 13 wherein 

the mutation in human alpha hemoglobin is selected 
from the following group of alpha-chain mutations: a 
Thr at position 30 instead of :Glu; a Tyr at position 
36 instead of Phe; a Phe instead of Leu at position 

15 106; a Ser or Cys instead of Vs^l at position 107; and 
a Cys instead of Ala at position 111, 

The transgenic pig of claim 13 wherein 
the mutatio|>;- in human beta hemoglobin is selected from 

20 the following group of beta-chain mutations: a Leu 

instead ; of ^al at position 33; a lie instead of Cys at 
position ll^i a V^l or Ijeu instead of Ala at position 
115; a ilis tihstead of Gly at position 119; a Met 
instea<3 of 'Pro at position^l2iB; and a Glu instead of 

25 Gin at posi'ition 131, 

C : 

16. The transgenic pig of claim 15 wherein 
the mutation in human beta hemoglobin is a Cys to Val 
change at position 112. ; 

30 

17. A transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 
globin operably linked to promoter elements where 
human hemoglobin is produced in at least some of the 

35 red cells of said pig and in which the nucleic acid 
construct is the hemoglobin Presbyterian construct as 
depicted in Figure IG. 
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18. A method for purifying human 
Presbyterian Hemoglobin from a mixture of human 
hemoglobin, pig hemoglobin, and human/pig hybrid 
hemoglobin , comprising : 

5 (i) collecting red blood cells from a 

transgenic pig according to claim 
17; 

(ii) releasing the contents of the 
collected red blood cells to 

10 produce a lysate; 

(iii) applying the lysate of step (ii) 
to a High Q resin column 
ecjuilibrated with_20 mM Tris-Cl 
and 20 mM Glycine at a pH 8.1; 

15 /iv) eluting the column, with a linear 

salt gradient of 9-^16% in buffer 
containing lOmM Triis-Cl, 20mM 
-Glycine, 250mM NaCl at pH 8-1; and 
(V) collecting the fractions that 

20 contain purified human 

'Presbyterian Hb. ^'l' 

19. A transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 

25 globin operably linked to promoter elements where 

human hemoglobin is produced in at least some of the 
red cells of said pig and The transgenic pig of claim 
1 in which the nucleic acid construct is the 
hemoglobin Yoshizuka construct as depicted in Figure 

30 IF.. 

20. A method for purifying . human Yoshizuka 
Hemoglobin from a mixture of human hemoglobin, pig 
hemoglobin, and human/pig hybrid hemoglobin, 

35 comprising: 
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collecting red blood cells from a 
transgenic pig according to claim 
19; 

releasing the contents of the 
collected red blood .pells to 
produce a lysate; 
applying the lysate. pf step (ii) 
to a High Q resin cdjumn 
equilibrated with IQmM Tris-Cl and 
20mM Glycine a^ a pH 8,7; 
eluting the column with a linear 
salt gradient of 5-30% in buffer 
containing lOmM Tris-Cl, 20mM 
Glycine, 250mM NaCi ^at pH 8.7; and 
collecting the fractions that 
contain purified huiQ.4n Yoshizuka 
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FIG. 5 
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Adult pig globin promoter 



30 40 50 60 

CAGCGCAGGG AAAAAACATG TTCTCTGTCC CTGGTTATAC 

: 90 100 110 120 

CTCGGCGAAA CTAAAACTTG GGGGTTGCAA TTTATTCCTT 

130 140 ; 150 .. . 160 170 180 

GCTTCTTTGT ATTTCGTACC ACATTGAGAG AGCTCTAGGT TTTCATCCGC AGATTCCCAA 

190 2tl.0 ;[^'210 :■ 220 230 240 

ACCTTCGCAG AGGAGCTGTT TCACAGSACC GTGATTCAAG TTTACTCTAC TTTTCCATCA 
•i'A". ■oK- 

250 , : 260 270 280 290 300 

TTTATTTGGT CArTATGTTTA AATGAA^SAAA GAAAGGAATG A AGATACC TG AATGAAATGA 

310 i 320 ''330 340 350 360 

GTATTTGTTT TCpACCAGC AGGACTGAAT ACAAATGAAG AGAAGAAAAA TACGCACATT 

370 380 i>;v390 ^ 40O 410 420 

TAGGACTTGG GCA6AGGTT T TATCCA gGCT CTCCTTdTGG TTATTTCCCA TATTCAGAAG 

430 440 450 • 460 470 480 

GCGCGGGTGT GGA^TCGTCT GTATGGTGCT AAATTGAACC ACAGTGGTCA AATCCCTCCA 

490 500 ^10 520 530 540 

CTTTCTGCTC CTTCSATTCT TCGTTTGTGT ACTAAGAAAA TGGGGAGGCA GTCTCTAAGA 

550 liv 560 fv570 580 590 600 

GATTGCTACA CTG^JQACTCA ACTCTAAAAG TTGTACAGAC TTGCTAAGGA GGATGAAATT 

620 '630 640 650 660 

AGTAGCACTT TGCACTGTGA GGATGGACCT AGAG CTC CC C AG AG AAGGGC TGAAGGTCTG 

670 680 690 700 710 720 

AAGTTGGTGC CAGGA^CGTC TCGAAGACAG GTATACTGTC AACATTCAAG CCTCACCCTG 

^730 ; V:; 740 i 750 760 770 780 

TGGAACCACG CCCTGGCCTG GGCCAATCTG CTCCCAGAAG CAGGGAGGGC AGGAGGCTGG 

790 800 - sio ■'■ b20^ 830 84 0 

GGGGGCATAA AAQGAlAGAGC AGAGCCAGCA GCCACCTTk.CA TTTGCTTCTG ACACAACCGT 

850 - 860 .iV:-8r70 880 

GTTCACTAGC AACTGCACAA ACAGACAA cR~t9 gTGCATCT GTCTGCTGA 



10 20 

CCCCAGCCCT TTTTCCAGGT 

70 i 80 

TGTTTAGAAA catcacctcc 
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} , „ <^^CCACCCCTTTTTCCAGGTCAGCCCAGCCAAAAAACATGTTCTCTGTCCCTCCTTATAC 
1237 CCCCACACACTCTTGCAGATTAGTCCACCCACAAA CA CTTAGATGTCCCCACTTAACC 

?i . c l^JL.TL^^:^'^^^'^^^^^^ CCTCGGCCAA-^CTAAA-^CTTCGGGG— GCAATTTATTC 
TCCTATTTCACACCACTCATTACCCCATTCA7ACTCACACTTTCGG TTCTAACTCACT- 

* ^ ^ ^ I 

1 1 B CTTGCTTCTTTGTATTTCCTACCACATTCAG AGAGCTCTAGGT-T-TTCATC^GCAGATTrr 

1«;0< TTTATTTATTTCTATTTTTGACTGCATTAACAGCTCTCTAGTTTTTTATCTCTTCm 
•*•* *♦«** . . ^ 

1^3 CAMCCTTCGCACACGAGCTGTTTCACAG G ACCGTCATTC'J^GTTTACTCTACTTTTC 

lie^ CAAAACCTA^TA^AGTAACTAATCCACAGAGCACATTCATTTCTATTTAT^ 



236 CATCATTTATTTGGTCATATCTTTAJ^TGAAGAAA.. * 270 

152 3 GACAjAATTTATTAGCATCCATGAGCAJiATTAAGAAA- '1559 

Matches = 176; Length = 277 [ Matches/length = 63.5 percent 

?clo litlHEIin^'^^^^^^AGGACTCAATACAAu^TfrXAGAGAJ^^ TACCCAC A 

1629 TTT^CTTTTCTTACCACAAGGTTTTAATCCAAATAAGCAG^G 

•* • . .** «... i V, ••;<(••• . .. .... . .. . 

ii'., . AGGCGCCCC TCTCGAT TCGT CTGTATCcfccTXAATtGAAC CieArTrrrris 
1746 AAGAGATCCATCTACATATCCCAAAGCTGAATTA^^^^ 

1S06 CTGCATCAA^TTTCTTATTTCTCTAATAAGAAAATTGGCAAAACGATCTTCAAT^^ 

532 TCTCtAA GAGATTGCTAC AGTCGG ACTCA ACTCTAAAACTTGTACAGACTTCCTAA 

lo65 ACCAACCTCTGATTCCAAATATTACGTAAATACACTTGCAAAGGAGGATCTTO^^ 

..«*.* • ........ ... . . >* * ..... .* . 

588 GGAGCATCAAATTACTAGCACTTTCCACTGTGACG-kTCG ACCTACAGCTCCCCACAGA 
1924 CCAATTTGTACTGA TGGTATGGGGCCA.^CAGATATATCtTACAGGGjGSCTCACCG^ 
... , .... ,,,, 

tlU J=^,?"5AA°"CTGAAGTTGCTGCCAGGAACGTCTCqAAGACAGGTATA CTCTCAACA 
1983 TGAACTCCAACTCCTAAGCCAGTGCCAGAAGAG C CAACCACAGCTACCGCTGTCATCA 
.. »■...■.. .* *. ... .•,«,.,■• ^ 

2;S*^?E£EE*S'="='r'=<^**'^<=^A«^°'^CCTGGCCTCCGCCAATCTGCTCCCAGAACCAGC 
2041 CTTAGACCTCACCCTGTOCACCCACACCCTACCCTTGGCCAATCTACTCCCAGGACCAGC 

^?ni GAGGGCACCAGGCTGCCG CCCCATAAAAGGAAGAGCACAGCCAGCAGCCACCTACATTT 

2101 GACGGCACCACCCAGCGCTCCGCATAAAACTCAGGCCACACCCATCTArrCCTrACArrr 
•* ** 

liU ^EHS^^^^^^^CCTGTTCACTAGCAACTCCACAAACACACAACATGGTGC^^ 

2161 CCTTCTGACACAACTGTGTTCACTACCAAC CTCAAACACACACCATGCTCCACCTGAC 

oS4 TCCTCA 3B9 L. Q 

2319 TCCTCA , 2224 \ \ ^^UJ\^ /• 
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High Level Expression of Hemoglobin 
(Transgenic Pig) 




Pig 

Human 
Hybrid 



- 25% 10% - 



r 
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